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In the field of spintronics, interaction between spin and lattice has been of interest because lattice 
has been regarded as a relaxation channel which determine the propagation length of a spin 
current, a flow of spin angular momentum. Within the framework of spin transport phenomena, the 
interaction between spin and lattice is understood by incoherent scattering between elementary 
excitations such as magnons and phonons, and there are few such phenomena that roots from the 
coherent interaction between the excitations. The magneto-elastic hybridization refers to the 
creation of new normal state consisting of magnon and phonon as a result of resonant and coherent 
coupling. The created hybridized state holds characteristics of both magnon and phonon, and thus 
expected to exhibit unconventional propagation dynamics.  
 This thesis addresses the propagation dynamics of magnon-phonon hybridized waves by using 
time-resolved magneto-optical imaging. The central purpose of this thesis can be divided into (i) 
establishing a magneto-optical imaging method for perpendicularly magnetized film (Chap. 3) and 
(ii) unraveling the refraction and reflection law of magnon-phonon hybridized waves (Chap. 4 and 5), 
and (iii) experimentally demonstrating coherent interexchange of magnon and phonon by 
magneto-elastic coupling and the trial to accelerate the experiment by machine learning (Chap. 6 
and 7). 
・Chapter 1 shows a brief history of spintronics and magnonics and explains basic concepts and 
studies which are necessary to understand the following Chapters. Besides, pioneering works and 
some topics that have attracted much attention in spintronics and magnonics are also introduced. 
・Chapter 2 describes the sample characterization and measurement methods. Crystallographic and 
magneto-optical properties of Lu2Bi1Fe3.6Ga1.4O12 (LuIG) and working principles of pulse laser 
system used for the time-resolved magneto-optical imaging is also introduced in this Chapter. 
・Chapter 3 shows the magneto-optical imaging technique to visualize the magnetization dynamics 
in an out-of-plane magnetized film. 
 Direct observation of spin waves in a magnetic material has been expanding the field of magnonics 
where the propagation of spin waves plays a main role for information processing and transfer. In 
the physics point of view, spatio-temporal observation of spin wave propagation provides rich 
information on the magnon-magnon interaction and magnon-phonon interaction. Previous 
magneto-optical imaging technique utilizes Faraday effect, a magneto-optical effect proportional to 
the magnetization component along the propagation axis of the light, and thus magnetization 
dynamics in an out-of-plane magnetized film was not accessible. We demonstrated the 
time-resolved magneto-optical imaging by using Cotton-Mouton effect, a magneto-optical effect 
proportional to the magnetization component perpendicular to the propagation axis of the light. The 
technique allows us to observe the propagation dynamics of magneto-elastic waves in an 
out-of-plane magnetized sample, revealing the contribution of magneto-elastic coupling for the 
excitation of the wave. 
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・Chapter 4 shows the refraction law of spin waves in the presence of 90°magnetic domain wall.  
 Spin waves are categorized into two types depending on the dominant interaction between local 
magnetizations. In the long wavelength regime, the interaction dominantly arises from magnetic 
dipole interaction, which breaks rotational symmetry. Thus, the dispersion relation of spin waves in 
the long wavelength regime is highly anisotropic depending on the orientation of the saturation 
magnetization. This leads to the abnormal reflection and refraction law at a magnetic boundary. We 
investigated spin-wave dynamics excited by a magneto-elastic coupling in the vicinity of 90-degree 
magnetic domain wall. We observed abnormal negative refraction of spin waves, and we modeled 
the law to formulate spin-wave version of Snell’s law. The result provides an approach to realize the 
cloaking of object from spin waves as tried by the light in the field of photonics. 
・Chapter 5 demonstrates that the magneto-elastic hybridization can expand the degree of freedom 
of spin waves by using mode degree of freedom of phonon.  
 When the light wave incidents to the boundary between different materials, the ray of light may 
split into two rays with orthogonal polarizations due to the optical anisotropy. In the case of 
reflection, there are few such phenomena that the ray of light splits. Magnon-phonon hybridized 
waves have a mode degree of freedom inherited from phonon, and the modes are mixed to each 
other at the sample edge because of the breaking of translational symmetry. We experimentally 
investigated the propagation and reflection dynamics of magnon-phonon hybridized waves in the 
vicinity of the sample edge. Interestingly, the hybridized waves split into two during reflection at 
the sample edge, exhibiting unconventional propagation dynamics. Spectroscopic analysis on the 
phenomena reveals that the split occurs owing to the mode degree of freedom of magnon-phonon 
hybridized waves inherited from phonon. The reflectivity of the magnon-phonon hybridized waves 
is explained by phenomenological model considering elastic mode conversion and spin wave 
reflection. Our finding unveils the unknown role of magnon-phonon coupling in spin dynamics. 
・Chapter 6 shows the coherent interconversion between magnon and phonon owing to 
magnon-phonon coupling. 
 When two quasi-particles are coupled to each other, the interaction leads to the interexchange of 
the particles in time: Coherent oscillation. Owing to the lowest order of magnon-phonon coupling, 
magneto-elastic coupling, the magnon in a magnetic material may oscillates between magnon state 
and phonon state in time. This oscillation has yet to be observed since the magneto-elastic gap is in 
the range of several tens of MHz, which is much smaller than the frequency resolution of 
conventional spin-wave spectroscopy. In our approach, frequency resolution is defined by the length 
of measurement and thus could reach below 20 MHz, which allows the access to the magneto-elastic 
gap. We experimentally demonstrated that the magnetic garnet Lu2Bi1Fe3.6Ga1.4O12 has a gap at the 
crossing between dispersion relation of phonon and magnon, and moreover, we observed temporal 
oscillation of the magnon amplitude. The oscillation is explained by a model based on the coherent 
state of hybridized state, leading to the estimation of magneto-elastic coupling constant. Our  
（別紙様式５）                                       
(NO．7) 
 
finding paves a way to spectroscopic study of magneto-elastic coupling with high frequency 
resolution. 
・Chapter 7 introduces the machine learning technique that could accelerate the experiment using 
time-resolved magneto-optical microscopy. 
 Time-resolved magneto-optical imaging is a versatile and powerful technique for observation of 
spin waves. On the other hand, the disadvantage of the method is the measurement time. The 
acquisition of a single video takes typically more than a week, making the experiment inefficient. 
We developed the machine learning technique that can interpolate the video frame based on the 
estimation of the vector field that describes pixel-to-pixel correspondence between different frames 
by using Convolutional Neural Network. The developed technique demonstrates a better 
interpolation quality compared with the previous state of art.  
・Chapter 8 is devoted to summarize our results and comment on their importance.  
 The results obtained in this study are important steps towards a complete physical picture of the 
role of phonon to spin dynamics in magnetic insulators. The measurement technique established as 
a time-resolved magneto-optical imaging enables direct observation of the spatio-temporal spin 
dynamics, which revealed reflection and refraction law of magnon-phonon hybridized waves. 
Besides, the method is powerful for spin-wave spectroscopy with extremely high frequency 
resolution which has not reached by other spectroscopic technique, so that the method revealed the 






1.1 Preface: Spintronics, spin wave, and magnonics
The electron is a negatively charged elementary particle that governs most properties of a con-
densed matter. In addition to the charge degree of freedom, electron carries spin angular mo-
mentum, the internal degree of freedom that governs the magnetic properties of materials [1].
Spintronics is a new paradigm for electronics that utilizes the spin degree of freedom in ma-
terials and devices. The beginning of spintronics dates back to the discovery of GMR (Giant
Magneto Resistance) by P. Grünberg et al. and A. Fert et al. in the 1980’s, who pioneered de-
tection and control of spins in thin magnetic multi-layers using electronic currents [2, 3]. This
discovery revolutionalized the magnetic recording, data storage, and magnetic sensing, sup-
ported by the large GMR in sputtered polycrystalline films reported by S. Parkin at IBM [4].
Report of a room-temperature TMR (Tunnel magnetoresistance) effect by T. Miyazaki et al. and
J. S. Moodera et al. accelerated the application of electrical control and detection of magnetic
properties of materials, which eventually expanded into a large market of magnetic record-
ing [5, 6].
From physics point of view, these magneto-resistance effects can be understood in terms of
different resistance for up-spin and down-spin electrons that flow in magnetic metals; that cause
a net flow of spin angular momentum. F. J. Jedema et al. detected a pure flow of spin angular
momentum without an associate charge current, a ”pure spin current”, by spin injection into a
non-magnetic metal with a ferromagnetic contact [7]. The field of spintronics expanded further
by the discovery of spin Hall effect (SHE) and Inverse spin Hall effect (ISHE) that inject and
detect pure spin currents in various magnetic materials, by a bilayer of a magnetic material and
a metal with large spin-orbit interaction [8–14].
In parallel with the trend in spin-current physics, magnonics has been opening the uncon-
ventional memory and logic devices based on wave computation by the use of a spin wave,
a collective precession motion propagating as waves in a magnet. Development of Brillouin
1
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light scattering (BLS), starting from the 1980’s, has played a major role in measuring non-
equilibrium dynamics of spin waves, in the combination with the static measurement methods
such as polarized neutron and electron scattering or Mösbauer spectroscopy [15, 16]. BLS has
been utilized for investigations on the spin waves in bulk materials, allowing access to both
long and short wavelength regions. A large number of study has been conducted to control
band structure of spin waves by micro-structuring: magnonic crystals and magnon logic cir-
cuits. By the development of a spatially resolved technique for BLS measurement and micro-
structuring technology for magnetic garnets, various types of devices are proposed, such as
frequency diplexer, majority gate, and a directional coupler [17–22].
A breakthrough discovery was made to build a bridge between spintronics and magnon-
ics: spin Seebeck effect, a thermo-electric conversion through spin-wave spin current flowing
in a magnetic insulator [23, 24]. This discovery has opened new field in spintronics, spin-
caloritronics, which addresses the interplay between spin current and heat current carried by
magnons and phonons, respectively. From the viewpoint of magnonics, the interaction be-
tween spin and phonon is both an old and new problem. Started by C. Kittel in the 1950’s,
physicists have known that the coupling between spin waves and phonon can create hybridized
states, magnon-phonon hybridized waves, leading to interconversion of spin waves and elastic
waves [25, 26]. Although the technical restriction on the measurements at the time limited the
comprehensive investigation, the hybridization and consequent emergent phenomena remains
interested.
This thesis addresses an novel spin dynamics arose as a result of magnon-phonon hybridiza-
tion, which are observed with time-resolved magneto-optical imaging technique [27–30]. By
developing a direct measurement technique for dynamic spin texture in a magnetic material,
we provide evidence that the hybridization can increase a degree of freedom of magnons, and
allows coherent interconversion between magnons and phonons. In this section and the re-
maining parts of Chap. 1, we overview the fundamental physics of spin waves and examples of
spin-wave phenomena including their theoretical concepts. In Sec. 1.4, we describe the purpose
and outline of this thesis.
1.1.1 Magnetization dynamics and precession
When a magnetic field is applied perpendicularly to a magnetic moment, the field exerts a
torque to the magnetic moment. The torque is always perpendicular to the magnetic moments,
leading to a precession motion of the magnetic moment around the external magnetic field. In
a magnetic material below Curie temperature, spontaneous magnetic moment appears and the
magnitude of the magnetization can be regarded as a constant. Magnetization is essentially
the result of spin angular momentum of electrons, and thus its quantum mechanical operator
follows the algebraic relation, which holds for the angular momentum: a commutation relation
2











Figure 1.1: (a). Spin and exerted torque considered in LL equation. Blue arrow represents mag-
netic torque due to an effective field, and the yellow arrow represents Gilbert damping torque.
(b). Coupling between an electromagnetic wave and magnetization dynamics. Two dashed lines
represent the dispersion relation of electromagnetic wave and magnetization dynamics without
interaction. The solid curves represent the dispersion relation of coupled magneto-static waves.
kM is defined as kM = kω√µ0ϵ
of the spin operator. [
Ŝ i, Ŝ j
]
= iℏϵi jkŜ k (1.1.1.1)
where, Ŝ i is i−th component of the spin operator, and ϵi jk is an antisymmetric tensor. Following
the commutation relation, the spin operators’ time-dependence leads to the equation of motion
for spin. The total Hamiltonian of the system can be written as Ĥtot =
∑
i Ŝi ·Heff where Heff is
the effective field derived from the summation of Hamiltonian for magnetic-dipole interaction
(Hdipole), magnetocrystalline anisotropy (Hani), exchange interaction (Hex), and Zeeman effect
(HZeeman), Heff = δ(Hdipole +Hani +Hex +HZeeman)/δM, and Ŝi is the spin operator at i-th lattice
site. The commutation relation and Heisenberg equation result in the Landau-Lifshitz equation,
which describes the motion of a macroscopic magnetization in a magnet.
∂
∂t
M = −γM ×Heff (1.1.1.2)
where, γ is a gyromagnetic ratio and M is defined as gµBŜ = M̂ → M, where g is the g-
factor of electron spin, µB is the Bohr magneton. Spin dynamics in a material is damped by
interaction with other excitations, such as phonons in experimental systems. Landau-Lifshitz
Gilbert (LLG) equation includes the relaxation process by adding perpendicular relaxation term.
∂M
∂t






where Ms, α are the saturation magnetization, and the Gilbert damping.
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1.1.2 Magneto-static waves
When an electromagnetic wave travels into a magnetic material, the magnetic material shows
various responses depending on the electromagnetic wave frequency. As in general condensed
matter theory, response of the magnetic materials is described by response function reflecting
microscopic excitation at different frequency domains. Electromagnetic waves with the fre-
quency of GHz range matches with the typical frequency range of ferromagnetic resonance,
and thus induces the magnetization dynamics following to the LLG equation.
The wave equation for the electromagnetic waves in a magnetic material is formulated using
susceptibility, which incorporates magnetization dynamics: Polder susceptibility. The response
function is based on the presupposition of linear response, and thus Polder susceptibility is
obtained from the linearization of LL equation as follows.
∂
∂t
m ≃ γ[Ms × h(t) +m(t) ×H0] (1.1.2.1)
where m and h are the time-dependent component of magnetization and effective field. Ms and
H0 are the static component of magnetization and effective field defined as M(t) = Ms +m(t)
and Heff = H0 + h(t). Followed by the plane wave approximation and expanding the formula
into a matrix form results in the following expression for Polder susceptibility χ̄.
m(k, ω) = χ̄h(k, ω), (1.1.2.2)














where ωH = γHeff , ωM = γMs, and ω is the frequency of the electromagnetic waves. In the
Fourier spectrum space, the product of susceptibility and dynamic magnetic field represents
the amplitude of magnetization dynamics, which is an useful relation for analyzing data of
spin-wave images based on Fourier analysis. The detail of the analysis method is mentioned
in Chp. 2. Assuming that the material has a single macroscopic spin, eigenfrequency of spin
precession does not depend on the wavelength. Therefore, the dispersion relation of the elec-
tromagnetic waves, a linear relation of ω and k, has a crossing with a dispersion-less flat band
of magnetic response. Electromagnetic interaction with the electromagnetic wave mode and
magnetization dynamics forms a coupled mode with the dispersion shown in Fig. 1.1.
In the low-frequency limit, the induction magnetic field becomes negligibly small. As a
result, we can assume that∇×H = 0, which leads to H to be always parallel with the wavevector.
This limit is called the magneto-static limit because the electromagnetic mode in this limit
can be modeled by considering magnetic poles that appear along the wavevector as a result of
4
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Figure 1.2: (a). Dispersion relation of forward volume mode of magneto-static waves, (b). Dis-
persion relation of backward volume mode of magneto-static waves, (c). Dispersion relation of
surface mode of magneto-static waves. [31]
magnetization precession. The propagating wave in this limit, magneto-static wave, is a long-
wavelength limit of spin waves governed by dipole interaction between the magnetic poles.
Since the magnetic field is a conservative field in the magneto-static limit, the magnetic field
can be written by defining magneto-static potential ψ.
The dispersion relation of the electromagnetic wave in the magneto-static limit is derived by
solving the Poisson equation of magneto-static potential ψ. The magneto-static approximation
leads to the following equation.
∇ · B = 0 (1.1.2.4)
↔ ∇ · (1 + χ̄)∇ ·H = 0 (1.1.2.5)












This Poisson equation for the magneto-static potential ψ is called Walker’s equation. The
solution for Walker’s equation gives the dispersion relation of magneto-static waves drawn in
Fig. 1.2. There are three modes of the magneto-static waves depending on the relative angle
between k and M in a thin film: a forward volume mode, backward volume mode, and surface
mode. Volume mode refers to the propagation mode where the magnetization oscillates at any
point in the magnetic film, while the amplitude of the surface mode localizes at the surface of
the film. Interestingly, backward volume mode has a negative group velocity, while forward and
surface mode has a positive group velocity. The magneto-static interaction explains this feature
in the group velocity. Fig. 1.3 shows the schematic of magnetization precession for forward and
backward volume modes. In the long-wavelength limit, spin configuration prefers the situation
where the dipole energy takes the lowest value. Since dipole energy increases when the loop of
a stray field is large, or when magnetic poles stay at a close distance. In the case of backward
volume mode, spin precession creates a stray field, and the loop of the stray field is short as the
5








Figure 1.3: (a). A schematic of spin configuration in magnetic materials for forward volume
mode. As k increases, distance between magnetic pole decreases, which increases the magneto-
static energy. (b). A schematic of spin configuration in magnetic materials for backward volume
mode. Contrary to the case of backward volume mode, magneto-static energy decreases as k
increases because stray field loop becomes small.
wavelength is short. Therefore, the shorter the wavelength, namely, the larger the wavenumber,
the smaller the frequency is. On the other hand, in the case of forward volume mode, shortening
of the wavelength does not result in the smaller loop of demagnetizing field and rather leads to
a large repulsive force between magnetic poles, which increases the energy of the entire system.
Therefore, the frequency of the forward volume mode decreases as the wavenumber decreases.
As a result, the magnetization configuration changes the dispersion relations, leading to highly
anisotropic dispersion relation.
1.1.3 Quantum theory of spin waves: magnons
Magnon is an elementary particle of spin waves, a collective excitation in a magnetically or-
dered system. Quantization of spin waves is performed by transforming the Hamiltonian by
using a spin-operator commutation relation. We consider a magnetic insulator film with spins




i ) localized on a lattice site ri. We take ri to the in-plane orientation. Here, the
Hamiltonian of a magnetic system consists of the dipole interaction and exchange interaction

















Ŝ zi H, (1.1.3.1)





i j − δαβ], (1.1.3.2)
where Ji j = J(ri − r j) is the exchange constant between i-site and j-site (J 0: ferromagnetism),
δαβ is a delta Kronecker’s delta. Di j represents dipole interaction and since we take ri to be
in-plane, Dxzi j = D
zx
i j = D
yz
i j = D
zy
i j = 0.
We quantize the Hamiltonian by Holstein-Primakoff’s approach, using the following trans-
6
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i are the ladder operator for spin at i-th
lattice site, the spin at i-th lattice site, the annihilate and create operator for a flippted spin at
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Here, we introduce annihilation and creation operator b̂k and b̂
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k, which extends the flipped
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Here, the full combination of the product of the spin operator creates various processes
involves multiple magnons. When the spin amplitude is small enough, the ladder operator can









1 − b̂†i b̂i2S
 b̂i, (1.1.3.10)
For exchange interaction term, this expansion leads to terms such as b̂†k1 b̂
†
k2 b̂k3 b̂k4 where four
magnons are interacting. Even without the expansion of Holstein-Primakoff operator, dipole
interaction term lead to three-magnon interacting process because it involves the term S xkS
z
k′ ∼
1The higher order terms in terms of b̂k is disregarded in small-amplitude limit, which give a birth to magnon-
magnon interaction terms discussed in Sec. 3.
7
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(b̂†k+b̂k)b̂
†








k′ b̂k′ . These multi-magnon processes contribute to relaxing
the excited non-equilibrium magnon state’s distribution, which is discussed in the next section.

























A2k − B2k (1.1.3.12)










where Ek is a spin-wave dispersion relation. This derivation of the diagonalized Hamiltonian
provides a physical picture of a single magnon, an elementary excitation which is energetically
equivalent with local flipping of a single spin at a site. As clear in this picture, one magnon
carries a spin angular momentum of ℏ.





ωH + ωMλexk2 + ωM
(





where, λex = 2Aex/M2s is the exchange stiffness, gk = 1 − (1 − e−kd)/(kd) is the factor to
describe magneto-static dispersion relation [32,33]. We notice that the spin wave dispersion has
a θk dependence, and it follows the discussion on the magneto-static wave in the last section.
Therefore, the spin wave dispersion forms the manifold structure where the spin-wave states
distribute in a certain range of frequency, mainly depending on the magnitude of Ms. The larger
Ms, the wider the frequency range of the manifold becomes.
1.2 Non-linear magnetization dynamics
The fundamental equation of motion for magnetization dynamics, LLG equation, exhibits non-
linear behavior at large precession amplitude. Owing to the non-linearity, magnons interact
with each other at high densities, and various phenomena arise, such as parametric pumping
and auto-oscillation. In this section, we introduce the macroscopic model of non-linear preces-
sion, followed by a second quantization formula of parametric pumping and magnon-magnon
scattering, which contributes to the relaxation of magnetization precession.
8
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Figure 1.4: (a). A schematic of magnetically ordered system. (b). A schematic of flipping a
single spin at a site j. (c). A schametic of single magnon state excited by the flipping of the
single spin. (d). Numerically calculated spin wave dispersion in YIG considering both exchange
and dipole interaction between spins. The direction of k is taken so that k ⊥M is satisfied. The
thickness of the YIG is set to 0.495 µm in a magnetic field of 700 Oe. [34].
1.2.1 Anharmonic precession of magnetization
We analyze the non-linear dynamics of magnetization using LLG equation by applying the
macroscopic spin picture. The LLG equation can be solved analytically at an arbitrary ampli-
tude of ac field, only in a few particular cases. Here we consider the simplest case of a spherical
magnetic insulator under external static and microwave ac magnetic field. The solution has the
following form from symmetry considerations by substituting the magnetic field into H = H0+h
with h = h0(x0cosωt + y0sinωt).
M = m0
[
excos(ωt + ϕ) + eysin(ωt + ϕ) + ezMs
]
(1.2.1.1)
Substitution the the aforementioned form of H,M into LLG equation leads to the solution for
Mz at resonance Mz reswhere ω = γH0 as follows [35, 36]:



















Eq.1.2.1.3 holds strictly for a magnetic sphere even with the consideration of the isotropic de-
magnetizing field. This analysis was the first result for the non-linearity of the ferromagnetic
resonance, and different behavior of the ac magnetization is expected from the results above,
however, in the experiment by Damon and the more extensive measurements of Bloembergen
9
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and Wang, it usually does not appear because the different instability arises at field amplitudes
much less than αω/γ [37, 38]. The latter is called Suhl instability, where k = 0 uniform pre-
cession couples with k , 0 spin waves to induce instability [39]. The effect of Suhl instability
excites spin waves with finite k, so-called parametric excitation, a topic of the next section.
The analysis above is beneficial for the non-linear precession, which exhibits an elliptic
path of magnetization precession in a steady field parallel to the precession axis and ac field.
The solution can be sought in the form of Eq. 1.2.1.1 in this case, however, the eigenfrequency
should be modified due to the demagnetizing field as follows:
ω0n = γ
[
H0 + (N⊥ − Nz)Mz
]
, (1.2.1.4)
where Nz is the demagnetization factor along the z-direction, N⊥ is the demagnetization factor
along the sample surface normal. According to Eq. 1.2.1.3, the Mz decreases with h0 and thus
with precession amplitude m0 = |m|, which is intuitive because, by definition, Mz =
√
M20 − m20.
Notably that, in the case of non-linear precession, the frequency depends on the precession am-
plitude so that it gives positive feedback to the precession amplitude. When a magnetization
dynamics is driven by ac magnetic field in an oblate spheroid of magnetic material and acciden-
tally increases m0, the increase in m0 increases frequency and further increases the precession
amplitude. This self-consistent dependence can lead to bistability. This problem was solved
analytically by Skrotskii and Alimov [35] They showed the frequency dependence of the pre-
cession amplitude and demonstrated that there are two stable states at the same frequency in the
non-linear limit as shown in Fig. 1.5.








The value of this critical field is hcr min ≃ 0.004 Oe for a single crystal YIG. The instability
in the non-linear motion of the magnetization at high power levels can be caused not only by
the shape anisotropy of the sample but also by other kinds of anisotropy, such as magneto-
crystalline anisotropy.
1.2.2 Parametric excitation of magnons
Parametric excitation of magnons refers to the excitation of magnons with a specific frequency
by using the microwave with the frequency twice as large as that of excited magnons. This
method is useful in exciting magnons with a non-zero wavenumber by microwave excitation,
while uniform excitation can excite only the k = 0 uniform mode of magnons. Parametric
amplification is a universal phenomenon referring to the excitation of oscillation by periodic
modulation of eigenfrequency of the oscillator. In the simplest model, the equation of motion
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frequency frequency
Figure 1.5: (a). Frequency dependence of Mz. As the Mz decreases, the precession frequency
increases, and in turn, Mz decreases again. At a certain point, the gradient of the curve diverges
to show nonuniqueness of the Mz. (b). Frequency dependence of precession amplitude m0 [36].
for a parametric oscillator can be written as follows.
ẍ + ω (t)2 x = 0 (1.2.2.1)
here, x is the position of the oscillator, and ω(t) = ω0(1 + ϵsin(2ω0)t). Assuming ϵ ≪ 1, the
equation can be written as follows.
ẍ + ω20x + 2ω0ϵsin2ω0tx = 0 (1.2.2.2)
The solution of x(t) can be decomposed into quadrature components with time-dependent coef-
ficient for each component.
x(t) = = r(t)cos (ω0t − θ(t)) (1.2.2.3)
= C(t)cosω0t + S (t)sinω0t (1.2.2.4)
Ignoring the second derivative of C(t) and S (t) by assuming the time dependence of C(t) and
S (t) is slow compared with the original eigenfrequency of the oscillator (dC/dt, dS/dt ≪ rω0).







which leads to exponential growth of the oscillation amplitude along the C-axis and squeezing
along the S -axis [40].
As mentioned in the last section, the non-linearity of the magnetization dynamics induces
the frequency shift depending on the precession amplitude. Therefore, the strong excitation
by the microwave magnetic field could lead to the periodic modulation of frequency and thus
realize parametric excitation of magnons. The precession becomes elliptic due to the demagne-
11
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tizing field in an in-plane-magnetized magnetic film. This elliptic precession arises the non-zero
oscillation component along the precession axis (z-component of magnetization: Mz). When
uniform ac external magnetic field is applied along the precession axis, it directly couples with
Mz(Fig.1.6(a)). Since the frequency of the Mz component is twice as much as the precession
frequency, the ac external magnetic field of frequency ωp will excite the magnetization preces-
sion with the frequency of ωp/2. Let us name the spin waves as signal and idler waves created
by operator b̂†ks and b̂
†
ki
, respectively. To satisfy the conservation of energy and momentum, the
wavenumber and frequency of the excited magnon follow the following relation.
ks + ki = 0, ωs + ωi = ωp, (1.2.2.6)
where, ks(ωs) and ki(ωi) are the wavenumber (frequency) of signal and idler spin waves, re-
spectively. This process is called parallel pumping, because the static magnetic field and ac
magnetic field are parallel.
When a uniform microwave field h0cosωpt is applied in the z direction of H0, we can begin












−k + (h.c.), (1.2.2.8)
where ρk = γωMsin2θke−i2ϕk/4ωk represents the coupling of the driving field with the k and -k
magnon pair, and ϕk is an azimuthal angle of k. The expression of the coupling indicates the
microwave field couples with magnons most strongly when θk = π/2, meaning forward volume
mode couples with microwave field most strongly. For the magnon operator, one can obtain the
equation of motion as follows:
db̂k
dt
= −(iωk + γk)b̂k − ih0ρke−iωptb̂†−k (1.2.2.9)
where γk is the relaxation rate. Since parametric excitation changes the amplitude of b̂k with
much slower timescale than the precession frequency, we separate the time dependence of am-
plitude and precession by b̄k = ⟨b̂k⟩eiωpt/2. Substitution of b̂k results in the exponential growth
of the amplitude ⟨b̂k⟩, which is similar to the previous analysis on the simplest model of classi-
cal parametric oscillator. Here the exponential growth of the amplitude saturates at some point
where the damping γkworks to compensate the excitation force.
Threshold microwave power depends strongly on the magnetic field. When a magnetic
field is smaller than the ferromagnetic resonance field for the frequency ωp/2, parallel pumping
process excites magnons satisfying θk = π/2 because the branch of the spin-wave dispersion
12
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Figure 1.6: (a). A schematic of elliptic precession under ac external field with the frequency
of ωp. (b). A butterfly curve of the threshold of parametric excitation (black filled circles)
obtained from YIG sphere along the [111] axis along H0 and threshold for auto-oscillations
(unfilled circles). The inset shows the behavior of the oscillation amplitude A with driving ∆ =
h/hc − 1. The solid curve is a fit to A ∝
√
∆. (c). Schematics of parametrically excited magnons
and the dispersion relations under different external magnetic field. When the external field
is above ferromagnetic resonance field HFMR, parametric pumping excites magnons satisfying
0 ≥ θk ≥ π/2 and thus the threshold field increases.
relation is accessible. As the external field increase to approach the ferromagnetic resonance
field, the threshold value of the parametric excitation decreases, reflecting linear dependence of
γk to k = |k|. The threshold takes the bottom at the ferromagnetic resonance field, and increases
with the external magnetic field because excited spin waves cannot satisfy θk = π/2 anymore
. This trend gives a so-called butterfly curve of the threshold field against an external field, as
shown in Fig. 1.6(b).
Parametric excitation can be performed with different magnetic configurations. In the per-
pendicular pumping configuration, where the static external magnetic field and ac microwave
magnetic field are perpendicular to each other, the microwave field directly couples with k = 0
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where N is the number of spins S in the sample. Owing to the first order Suhl instability, the
k = 0 mode drives k and - k magnon pair via the three-magnon interaction, which arises from




Thus the coupling becomes the strongest when θk = π/4. Since the excitation frequency ωp
is far from the frequency of uniform mode, b̂0, b̂0 behaves like a virtual state between the
driving field and the spin-wave pairs. In that perspective, transverse pumping is not essentially
different from parallel pumping in that they are governed by the same three-magnon splitting
process, which arises mainly from dipole interaction; the difference of them is reduced to the
θk-dependence of threshold magnetic field.
1.2.3 Multi-magnon scattering
As mentioned in the previous section, the Holstein-Primakoff expansion of the spin Hamiltonian










































k4∆(k1 + k2 − k3 − k4) (1.2.3.3)
+ (higher terms) + h.c. (1.2.3.4)
Here, Ψ1,23,Ψ1,234,Ψ12,34 are certain complex quantities describing the magnitude of the inter-
action of magnons, ∆ is a delta function that represents the conservation of linear momentum.
The first term represents three magnon interactions where b̂k1 is annihilated, while b̂k2 and
b̂k3 are created. The three magnon interaction arises from the dipole interaction, which couples






i ). This interaction
leads to magnon splitting and magnon confluence, as shown in Fig. 1.7. Since the energy and
momentum is conserved, the splitting and confluence occur when the b̂k1 , b̂k2 and b̂k3 are on
the spin-wave manifold, satisfying ω1 = ω2 + ω3, and k1 = k2 + k3. Considering the simplest
case, when k1 = 0, ω1 = 2ω2 = 2ω3, this relation is satisfied only at a low external magnetic
field because as the field increases, the bottom frequency of the manifold exceeds ω1/2. For
this reason, three magnon interaction becomes weaker in the high magnetic field regime. Three
magnon interactions cause the origin of both parallel and transverse parametric pumping by
the excitation of an essentially virtual state at k = 0 by microwave pumping and subsequent
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Figure 1.7: (a). Table of three magnon elementary process to drive relaxation for magnons
with the wavevector of k1. (b). A schematic for four magnon scattering process to relax non-
equilibrium magnon distribution induced by parametric pumping.
The second and third term represents four magnon interactions. The second term repre-
sents scattering from one magnon to three magnons and the third term represents the scattering
from two magnons to tow magnons. These processes are responsible for a spin-spin relaxation
to thermalize the temperature of magnetic systems under pumping. Since the fourth term of
the Holstein-Primakoff operator appears in the expansion of the exchange interaction, the four
magnon scattering is mainly caused by exchange interaction. The transition probability owing
to the third term is calculated as follows:∣∣∣⟨k3,k4|Ĥfour|k1,k2⟩∣∣∣2 ∝ (ka)4, (1.2.3.5)
where Ĥfour is the interaction Hamiltonian for four magnon interaction, |k1,k2⟩ represents the
state of magnons with the wavevector k1 and k2, and a is a lattice spacing. Therefore, the four
magnon interaction is more significant in large k. This wavenumber dependence leads to relax-
ation of parametrically excited magnon, which guides the magnon to the bottom frequency of
spin-wave manifold; the relaxation may lead to interesting physical phenomena such as magnon
Bose-Einstein condensation [42–44]. Although the four magnon interaction works to thermal-
ize spin systems, it conserves the number of magnons, meaning that it does not describe the
longitudinal relaxation of spin dynamics alone. Besides, the condensation at the bottom would
never happen without relaxation of the total energy of magnon systems because the initially ex-
cited magnon may have a much larger frequency. Therefore, the full relaxation process involves
the scattering of magnons into phonons, which is discussed in the following section.
1.3 Magnon-phonon coupling
Magnetic materials are modeled by a crystal and spins fixed on the crystal lattice sites. There-
fore, when the crystal lattice sites move relative to the other sites, it modulates the interaction
15
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between spins at different sites. We can categorize the interaction between lattice and spin
into two components: exchange induced coupling and spin-orbit induced coupling, which is
proportional to the relative angle between spins, and the distance between spins, respectively.
The lowest order coupling, magneto-elastic coupling, leads to the coherent coupling between
magnons and phonons, which may result in the hybridized state of magnon and phonon. In
this section, we overview the magnon-phonon coupling by introducing macroscopic modeling
and quantum mechanical modeling followed by a brief overview of proceeding studies related
to magnon-phonon coupling, including enhancement of the thermoelectric conversion via spin
current.
1.3.1 Macroscopic model of magneto-elastic coupling
Considering a magnetic material as a continuum, the phonon in the material can be regarded
as an elastic wave in a continuum. In other words, we consider only the acoustic branch of
phonon and low k regime. By the symmetry consideration, the free energy of the magneto-
elastic coupling up to the terms of the first order of elastic strain Xαβ and of the second order in















































strain tensor. The first two terms results from relativistic interactions, including magnetic and
spin-orbital interactions. The last two terms are from the exchange interaction where the relative
angle between magnetization at different sites matters. In an isotropic ferromagnet, B1 = B2
holds.
By minimizing the sum of elastic energy and magneto-elastic energy, static magneto-striction







X2αα + c12(XxxXyy + XyyXzz + XzzXxx) (1.3.1.3)





where, c11, c12, c44 are the components of the fourth-rank tensor of elastic stiffness constants
or moduli of elasticity, which have the relation c11 − c12 = 2c44. Here we suppose the system
with cubic symmetry, where only the ciiii = c11, cii j j = c12 and ci ji j = c44 are the independent















Figure 1.8: Category of the elastic waves.






















The λ100, λ111 are the magnetostriction constants of a cubic ferromagnet. Their values for YIG
at room temperature are λ100 = −1.4 × 10−6 and λ111 = −2.4 × 10−6. The value for substituted
iron garnet LuIG (detail is in the Chap. 2) is λ = −1.42 × 10−6 [46].
1.3.2 Quantum theory of magneto-elastic coupling



























where the γ1 = c12 + c44, γ2 = c44. In order to obtain the collective excitation operators for the





















where, ϵiµ = ei · ϵ(k, µ), and ϵ(k, µ) is the polarization vectors defined as follows.
ϵ(k, µ) = excosθk + eysinθk for µ = 1 : LA mode (1.3.2.4)
= exsinθk − eycosθk for µ = 2 : TA mode (SV) mode (1.3.2.5)
= ez for µ = 3 : TA mode (SH) mode (1.3.2.6)
Here, SV-wave refers to the transverse mode of elastic waves with in-plane displacement, and
SH-wave refers to the transverse mode of elastic waves with out-of-plane displacement.
17
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The quantization of the elastic vibrations is made through the commutation relations in-































where ωpµ is the frequency of phonon and âµ,k, â
†
µ,k are anihilation and creation operator of
phonon with wavenumber k and mode µ, which satisfies [b̂k,µ, b̂k′,ν] = 0, [b̂k,µ, b̂
†
k′,ν] = δµνδkk′











When we consider the long-wavelength limit, the magneto-elastic interaction term, which
originates from exchange interaction, can be negligible. We use the Holsterin-Primakoff oper-
ator to quantize the magnetic moment. Here, to take the lowest order Hamiltonian written by
a quadratic form of magnon and phonon operator, the magneto-elastic Hamiltonian should be
written only by the combination of MxMz,MyMz and MxMy. Therefore, the magneto-elastic
































In order to consider magnetic sample with arbitrary magnetization orientation as shown in the













where the M(XYZ) represents magnetization vector on the (XYZ) frame.
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Figure 1.9: (a). A magnetization configuration to obtain the formalism for magneto-elastic
coupling in the magnetic film with an arbitrary magnetization orientation. (b). Dispersion rela-
tion of magneto-elastically hybridized waves calculated from Eq. 1.3.2.21. In the right panels
magnified view of the spin-wave dispersion is shown with the wavenumber dependence of the
magnon amplitude. The dispersion relation is calculated with parameters of 4πMs=169.6 G,
Kc = 6.637 × 102 GOe and Ku = −7.056 × 103 GOe, at external magnetic field H0= 1580 Oe
applied along out-of-plane orientation of the 3−µm-thick magnetic film (θk = π/2).
where,
A1 = sin2θk(cosθsinϕ − isinθcos2ϕ) (1.3.2.13)
A2 = cos2θk(cosθsinϕ − isinθcos2ϕ) (1.3.2.14)
A3 = sinθk(icosθsin2ϕ + sinθsinϕ) − cosθkcosϕ (1.3.2.15)




































By solving the eigenequations derived by using Fourier transform of the equation of motion, we
can ignore b̂µ,−k because the eigenfrequency of the mode is negative for positive k. The effective
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Elementary processes in magnon-phonon relaxation
Figure 1.10: .Elementary relaxation processes via magnon-phonon coupling. Relaxation of
magnons with wave vector k is considered




, and γ is the gyromagnetic ratio (γ = 2π × 2.8 × 1010 Hz/T). This
Hamiltonian can be diagonalized by the Bogoliubov transformation, and the eigenfrequency of















(ωpµ − ωm)2 + σ2kµ (1.3.2.21)
where ωcµ and ωdµ represents the eigenfrequency of the µ−mode diagonalized states. The
wavevector dependence of the eigenfrequency gives the avoided crossing structure of the dis-
persion relations as shown in the Fig.1.9(b). At the crossing point, the amplitude of the magnon
component and phonon component exchanges, and the magnons and phonons interconvert co-
herently.
1.3.3 Spin-lattice relaxation
The energy of magnetic precession is dissipated to other systems and ultimately relaxes to a
crystal lattice. This energy transfer is performed by the higher-order terms of magnon-phonon
coupling Hamiltonian, which involves the elementary processes that annihilate magnons or split
a magnon into a phonon and a magnon. The lowest order Hamiltonian to express the relaxation
20
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∆(k1 − k2 − q)
]
(1.3.3.2)
where q is the wavevector of phonon, andΨk1k2qµ is the interaction coefficient. The Hamiltonian
describes the elementary processes which are essential to the spin-lattice relaxation. The terms
with amplitude Ψk1k2,qµ corresponds to the two magnon confluence process to create phonon;
this process does not conserve the number of magnons. The Hermitian conjugate of this Hamil-
tonian corresponds to two-magnon creation by the split of a single phonon. The terms with
amplitude Ψk,k2qµ corresponds to the elementary process of splitting a magnon into magnon and
phonon. These processes are named as the Cherenkov processes after the Cherenkov-Valilov
effect of light radiation by an electron retarded in a medium. Same as the Cherenkov-Valilov
effect, a light radiation from the electron with a faster velocity than the speed of light in the
medium, the condition of Cherenkov process is as follows:
vm,gr ≥ vel (1.3.3.3)
This condition can be satisfied at a large k value because the spin-wave dispersion becomes
quadratic at a large k owing to exchange interaction. Just as the three-magnon process, the two-
magnon confluence or splitting process occurs due to dipole interaction, while the Cherenkov
process, where the number of magnons is conserved, can be caused by exchange interactions
as well as dipole interaction. Exchange interaction includes terms of product between the same
component of the spin operator Ŝ 2p and elastic strain operator, which leads to the magnon-
conserving interaction. The magneto-elastic damping is calculated by A. Rückriegel et al. by
the use of Green’s function method, as shown in Fig. 1.11 [48]. In the dipole interaction re-
gion, the Cherenkov process’s condition is satisfied only in the small wavenumber regime, and
thus the damping is larger at k ∼ 0. On the other hand, in the exchange region, the Cherenkov
process’s contribution increases as k and damping have a maximum at the crossing point of the
phonon and magnon’s dispersion relations, forming a loss channel for magnons by magneto-
elastic coupling. Magnon-phonon interaction is important for relaxing the excited magnon
system to the lowest energy state. When magnons with non-zero k are excited by parametric
excitation, the excited magnons relax to the bottom of the spin-wave manifold (H//k). This re-
laxation is the result of the four-magnon scattering and the Cherenkov scattering. Four-magnon
scattering alone can not drive magnons into the low k regions because it conserves energy in
the magnon system. With the Cherenkov scattering aid, the magnon can lose energy to the





Figure 1.11: (a). Numerical evaluation of magneto-elastic damping rate of magnon in a thin YIG
stripe at T=300 K, in the dipole interaction regime. Thickness is taken as 6.7 µm, H0 = 1710
Oe, k=kez. (b). Numerical evaluation of magneto-elastic damping rate of magnon in a thin YIG
stripe at T=300 K, in the exchange interaction regime. The other conditions are identical with
that of a [48]. Reprinted figure with permission from A. Rückriegel, P. Kopietz, D. A. Bozhko,
A. A. Serga, and B. Hillebrands, ”Magnetoelastic modes and lifetime of magnons in thin yttrium
iron garnet films” Phys. Rev. B, 89, 184413 (2014) Copyright (2016) by the American Physical
Society
1.3.4 Hybridization of magnon and phonon
Here, we review the previous works addressing the interaction between magnon and phonon
in magnetic materials. As seen in the aforementioned theoretical framework, at a crossing be-
tween phonon and magnon dispersion relations, two quasiparticles create a new normal state,
magneto-elastic waves, or magnon-phonon polaron. The crossing of the dispersion is unique in
that phonons and magnons have precisely the same frequency and wavelength, and thus reso-
nantly interacting with each other. This state itself has been known since the 1950’s started by
C. Kittel followed by W. Strauss by applying the ultrasonic wave measurement technique to a
YIG rod with extremely low phonon and magnon damping [25, 26]. In their experiments, they
measured the multiple reflections and consequent temporal interference pattern to determine
the velocity of the traveling magneto-elastic waves at different magnetic fields. Investigation on
the effect of magneto-elastic coupling using microwave measurement was performed in 1963
by F. A. Olson [49]. In this report, the threshold value of the parametric excitation is measured
at different magnetic fields. They found that at a magnetic field where the half the pumping fre-
quency matches with the magneto-elastic crossing frequency, the threshold field value suddenly
increases due to the extra loss channel to phonon from magnon.
In an application point of view, the magneto-elastic resonance was useful for chemical
sensors, temperature measurement, magnetic field measurement as the resonant frequency is
sensitive to temperature, field, and deposition of chemical material on the resonator. The appli-





 H = Hpeak
k
ωk
θ  = 0











Figure 1.12: (a). Threshold measurement of parametric excitation of magneto-elastically cou-
pled spin waves [49]. (b). A schematic of parametric excitation of magneto-elastically coupled
spin waves.
measurement by C. Kittel for several decades.
Two pioneering work to shed light on this historical topic was done in 2016 and 2017 by
T. Kikkawa et al. and D. A. Bozhko et al. [50, 51]. Both reports extend the focus and physics
of the magneto-elastic waves to spintronics and magnonics, respectively. T. Kikkawa reported
the enhancement of the spin Seebeck effect, a thermoelectric conversion phenomena via gen-
eration of pure spin current conveyed by magnons, through magneto-elastic hybridization. In
the experiment, they measured wide-range magnetic field dependence of the spin Seebeck ef-
fect with a high accuracy. Since the spin Seebeck effect is proportional to magnetization of
the material, in the low magnetic field regime, the observed thermoelectric voltage is constant
above the coercive field. On the other hand, at a particular magnetic field value, the thermo-
electric voltage increased. The field value corresponds to the condition where the spin-wave
dispersion and phonon dispersion has a touching instead of crossing; the number of hybridized
states becomes the largest owing to a large area of overlapping of the dispersion relations. This
discovery introduces the magneto-elastic coupling as a useful tool for thermoelectric conversion
with spin current, making the coupling attractive for spintronics. Although the enhancement of
the spin Seebeck effect reported by T. Kikkawa was observed in low temperature (∼50 K) and
high magnetic field (≥ 2T ) owing to large magnetic Zeeman gap in YIG, the following report by
R. Ramos et al. demonstrated that the enhancement is further increased and can be measured at
room temperature at a low magnetic field by the use of compensated ferrimagnet [52]. Follow-
ing this report, the spin current generation via the hybridized state was reported by H. Hayashi
et al. [53].
D. A. Bozhko et al. reported the bottleneck effect of parametrically excited magneto-elastic
waves using the Brillouin light scattering technique [51]. Until this report, the full spectrum




Figure 1.13: (a). Experimental report on the enhancement of thermoelectric conversion via
magnon [50]. Reprinted figure with permission from T. Kikkawa, K. Shen, B. Flebus,
R. A. Duine, K. Uchida, Z. Qiu, G. E. W. Bauer, and E. Saitoh, ”Magnon Polarons in the
Spin Seebeck Effect”, Phys. Rev. Lett. 117, 207203 (2016) Copyright (2016) by the Ameri-
can Physical Society. (b). Experimental report on accumulation of magon-phonon hybridized
states at a crossing of the dispersion relation [51]. Reprinted figure with permission from
D. A. Bozhko, P. Clausen, G. A. Melkov, V. S. L’vov, A. Pomyalov, V. I. Vasyuchka, A. V. Chu-
mak, B. Hillebrands, and A. A. Serga, ”Bottleneck Accumulation of Hybrid Magnetoelastic
Bosons”, Phys. Rev. Lett. 118, 237201 (2017) Copyright (2017) by the American Physical So-
ciety.
ited wavenumber resolution of Brillouin light scattering, one of the most standard techniques
for obtaining spin-wave dispersion. They measured YIG film under parametric excitation by
wavevector resolved Brillouin light scattering and found that the excited magnon accumulates
at the dispersion crossing of magnons and phonons owing to difference in the scattering prob-
ability. Since the condensation occurs at the very crossing of dispersion relations, the group
velocity of the state is expected to be larger compared with normal magnon state, which may en-
ables faster information transfer compared with pure magnons. This report brings a hybridized
magneto-elastic state back to the magnonic field.
Recently, the magneto-elastic coupling has been utilized for the study on the angular mo-
mentum carried by phonon. J. Holanda et al. reported the spin angular momentum in the phonon
converted from magnons via a non-uniform magnetic field by using Brillouin light scatter-
ing [54]. In a non-uniform magnetic field, a magnetic sample has a different ferromagnetic
resonance frequency at different sites. When the magnon is excited at one side of the material
with the frequency matched to the ferromagnetic resonance, excited magnon travels through
the sample to the position where the excited state is adiabatically converted into phonon at the
dispersion crossing. They measured the polarization dependence of a BLS signal to find that the
photons scattered by phonons show circular polarization, implying non-zero angular momen-
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tum of phonons. K. An et al. performed a ferromagnetic resonance experiment at ferromag-
net/paramagnet/ferromagnet trilayer structure to demonstrate that phonon’s angular momentum
can travel over micrometer distances [55]. They observed coherent coupling between two fer-
romagnetic layers intermediated by the paramagnetic layer, meaning that phonons traveling in
the paramagnetic layer are responsible for the coherent coupling.
25
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1.4 Purpose of this thesis
This thesis addresses the novel spectroscopic method for magnons by using time-resolved
magneto-optical (TRMO) imaging, which enables us to observe magneto-elastic waves in real
space and time. The central purpose of this thesis can be divided into three parts: (i) completing
building blocks for TRMO-based spectroscopy for arbitrary magnetic configuration (Chap. 3),
(ii) revealing two-dimensional reflection dynamics of magneto-elastic waves (Chap. 4 and 5),
(iii) direct observation of coherent coupling between magnon and phonon and machine learning
technique to help efficient experiment (Chap. 6 and 7). Below, we elaborate on these purposes
and show the outline of this thesis.
• Chapter 2 describes the sample characteristics in terms of crystallographic structure and
magneto-optical effect, and measurement techniques, including physical backgrounds.
Fundamentals of our time-resolved magneto-optical imaging technique is introduced in
this Chapter.
• Chapter 3 shows our proposal and demonstration to observe magneto-elastic waves in
out-of-plane magnetized film.
The development of pulse laser sources and imaging technique enabled imaging of mag-
netization dynamics within several tens of picoseconds. This technique is a powerful tool
to investigate the magnetization dynamics with spatial resolution. In an in-plane mag-
netized film, pulse laser irradiation induces various photo-induced phenomena, includ-
ing photo-induced demagnetization, excitation of elastic waves, photo-induced magnetic
field via stimulated Raman process. These excitation sources for the spin wave is hardly
separated from each other. In an out-of-plane magnetized film, only the photo-induced
elastic waves can excite magnetization dynamics, making the system ideal for investigat-
ing the contribution of elastic waves. We developed the imaging technique to observe the
magnetization dynamics in an out-of-plane magnetized film by using the Cotton-Mouton
effect, a magneto-optical effect proportional to the magnetization component perpendic-
ular to the propagation axis of the light. The result was explained by macroscopic theory
for magneto-elastic coupling well, demonstrating the dominance of the contribution from
photo-induced elastic waves.
• Chapter 4 presents experimental results for the reflection dynamics of spin waves at a
magnetic domain wall, a first experimental demonstration of anomalous negative refrac-
tion of spin waves.
The refraction law of light, Snell’s law, leads to a positive refraction angle for ordinary
materials owing to positive refraction indices. Snell’s law of refraction is mostly the result
of continuity of the phase along the boundary, and thus can be modified by the dispersion
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relation. Since spin waves have highly anisotropic dispersion relation, its refraction law is
expected to be very different from the ordinary refraction of light. We prepared a sample
with a 90-degree magnetic domain wall so that the dispersion relation of spin waves
are different across the boundary. Interestingly, when a spin wave enters the domain
wall, the refracted spin waves showed negative refraction; the refracted wave propagates
in the opposite direction compared with ordinary refraction. We modeled the negative
refraction by using spin-wave dispersion and reproduced the incident angle dependence
of the refraction angle. Notably that the refracted spin waves are found to show negative
refraction in terms of both phase and group velocity, which may provide an idea for a
photonic cloaking.
• Chapter 5 demonstrates the bi-reflection of spin waves: a novel reflection law for spin
waves.
For a light propagating in a material, it may split into two in entering optically anisotropic
material, known as birefringence. On the other hand, in the case of internal reflection,
reflected wave does not split into multiple rays because the media’s symmetry where the
incident and reflected waves travel is identical. When spin waves hybridize with elas-
tic waves, the mode degree of freedom is also inherited to the magneto-elastic waves,
having three independent propagation modes in a magnetic material. Owing to the break-
ing of translational symmetry at a sample edge, when the magneto-elastic waves reflect
at an edge of a sample, the magneto-elastic wave splits into two modes. This leads to
the anomalous bi-reflection behavior for spin waves. We experimentally observed the
bi-reflection of spin waves and confirmed that the bi-reflection occurs due to the hy-
bridization between spin waves and elastic waves. We also performed modeling of the bi-
reflection, revealing the effect of the magneto-elastic coupling to change the spin waves’
reflectivity at a sample edge.
• Chapter 6 reports the first experimental observation of the magneto-elastic gap and co-
herent oscillation between magnons and phonons.
The energy scale of the magneto-elastic coupling in a thin film material is in the range of
several MHz, which has yet to be experimentally confirmed directly. This is because the
frequency resolution of any wavevector-resolved spin-wave spectroscopy does not reach
to the range. Our spin-wave spectroscopy based on Fourier analysis can enable high
frequency resolution as it increases with measurement time duration until it reaches to the
relaxation timescale of the spin waves. We performed long-time duration measurement
of magneto-elastic waves to observe the magneto-elastic gap in spectrum space directly
and successfully obtained a value of the gap frequency for LuIG, a substituted iron garnet.
When a linear combination of two different quantum states is projected to one eigenstate,
the observed amplitude oscillates with time. This is called coherent oscillation. Since our
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setup is only sensitive to the magnetic component of magneto-elastic waves, the long-
time duration measurement revealed that the spin-wave amplitude oscillates in time with
the frequency corresponding to the gap frequency. This measurement result demonstrates
that our spin-wave spectroscopy is a powerful tool for observing the coherent dynamics
of magnon-phonon hybridized systems, achieving the goal of this thesis.
• Chapter 7 describes the machine learning technique to facilitate the spin-wave spec-
troscopy based on the TRMO imaging technique.
The most significant technical disadvantage of the spin-wave spectroscopy is the long
measurement time, typically several weeks to obtain the whole set of wave-propagation
videos for a single condition. This is because the spin-wave signal has a low signal-to-
noise ratio, and thus averaging over tens of images are required for a single frame of the
wave video. In this chapter, we introduce a recent machine learning technology to inter-
polate a video frame and accelerate the experiment. In the field of machine learning, a
deep neural network has enabled the video frame interpolation by giving a better approx-
imation of optical flow, a one-to-one correspondence of a pixel from one frame to the
next frame. We extended this technique to train the deep neural network to provide better
interpolation quality for the videos with waves. Our proposal works better to interpolate
the video with waves, paving a route for future combinations of spin-wave spectroscopy
and machine learning.
• Chapter8 is devoted to summarize our results and comment on their importance.
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Chapter 2
Sample preparation and measurement
methods
2.1 Properties of Lu2Bi1Fe3.4Ga1.6O12
In the magneto-optical imaging of spin waves in this thesis, we consistently use LuIG, which is
a substituted magnetic garnet. This material has been developed to image magnetic field flux by
using a magneto-optical effect. For understanding the magnetic, acoustic, and magneto-optical
properties of LuIG, the overview of the properties of yttrium iron garnet (YIG) helps a lot be-
cause the crystal structure of LuIG is the same as that of YIG. YIG is an artificially synthesized
magnetic material that is widely used for microwave magnetic devices such as a circulator, and
a power splitter. Its role in the physics of magnet is analogous to that of germanium in semi-
conductor physics, water in hydrodynamics, and quartz in crystal acoustics. There are several
reasons for YIG to be widely used in the researches of magnetism and spintronics [56]. Firstly,
it has very small damping of magnetic resonance (α ≃ 10−4), meaning a very low spin-lattice
relaxation. As a result, spin wave propagating in YIG has a macroscopic propagation length,
which cannot be realized in other magnetic materials. Secondly, the YIG crystal growth was
so well perfected that its acoustic damping is also very low. Therefore, numerous ultrasound
measurement was performed by using YIG rod for investigation of the effect of coupling be-
tween phonon and magnon in YIG in the 1980’s. Thirdly, the YIG has a high Curie temperature
Tc = 560 K, so that the experiments can be done in room temperature without the diminishing
of saturation magnetization. For these reasons, YIG has become indispensable in microwave
technology and experimental physics for finding new effects and phenomena related to magneti-
zation and spin currents. In this section, we introduce the crystallographic and magneto-optical
properties of YIG and LuIG in parallel to provide the basic understandings of the material we
use in the following experiments.
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(a) Y      ion at Dodecahedral site
Fe     ion at Octahedral(a) site
Fe     ion at Tetrahedral(d) site









Figure 2.1: (a). A schematic of oxygen coordinate of dodecahedral, octahedral and tetrahedral
sites of YIG. (b). A schematic of the unit cell of YIG. In the left top part of the figure, 1/8 of
the unit cell is drawn.
2.1.1 Crystallographic structures
The crystallographic structure of LuIG is the same as the yttrium iron garnet (YIG) with the
composition of Y3Fe5O12. YIG belongs to the cubic centrosymmetric space group O10h − Ia3d.
YIG has 80 atoms in a unit cell, consisting of dodecahedral sites for Y3+ ion, tetrahedral(d) sites
and octahedral(a) sites for Fe3+ ions. The dodecahedral sites are not ideal dodecahedron but a
Snub disphenoid whose faces are all consist of an equilateral triangle and having eight vertices
and 12 faces. a-and d-sites share two and six sides with dodecahedral sites, respectively, and
the dodecahedral sites share sides with two a-sites, four d-sites, and 4 other dodecahedral sites.
In this structure, every a- and d-site does not have a connection with a- and d-sites, respectively,
so that chemical bonding between one a-site and the other a-sites exists only through d-sites or
dodecahedral sites. There are twenty magnetic ions in all (8a+12d), and, accordingly, there are
twenty magnon branches in the energy range up to Tc.
The magnetization rises due to the superexchange interaction over the oxygen ions. The
strongest exchange interaction exists between the nearest neighbors ions Fe in a- and d-sites.
This interaction is antiferromagnetic, and thus the spin orientation of a-sites and d-sites be-
comes the opposite. The magnitude of the interaction is typically Jad ≃ −40K in the temperature
scale. Since there are 8 Fe ions in a-sites and 12 ones in the d-sites in the unit cell, the magnetic
moment of a unit cell is 10 µB, where µB is a Bohr magneton, considering the spin of Fe ion
is 5/2. The other exchange interactions are, in the order of magnitude, the exchange constant
between the next nearest neighbors Jdd ≃ −13.4K followed by d-d and a-a exchange interaction
with the exchange constant of Jaa ≃ −3.8K. The antiferromagnetic coupling between Fe ions
may cause a frustration; however, all spins at a- and d-sites are aligned in collinearly antiparal-
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lel due to dominantly large intra-site exchange interaction. As a result, YIG is a ferrimagnetic
garnet by definition with two different chirality of spin-wave dispersions.
LuIG (Lu2Bi1Fe3.4Ga1.6O12) is a substituted ferrite garnet having the same crystallographic
symmetry with YIG. The dodecahedral sites are filled with Bi3+ and Lu3+ ions in the proportion
of 1:2. The substitution of Fe2+ ion sites affects the magnetic property of LuIG significantly.
Similarly to YIG, LuIG has a-site and d-site for Fe2+ ions, and therefore, the ratio of substitution
between a-sites and d-sites determines magnetization of the material. The spin-wave dispersion
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Here, the upper (lower) part of the Hamiltonian accounts for the octahedral (tetrahedral) sites,
with Na (Nd) magnetic ions per unit volume. δ represents a vector index connecting nearest
neighbor a-d sites, Sx(x = a, d) are the spin operators, µ0H is the external magnetic field, and
γ = gµB/ℏ is the gyromagnetic ratio, with g the spectroscopic splitting factor, ℏ the reduced
Plank constant. By using Holstein Primakoff approximation, we can obtain the magnon disper-
sion relation as a function of the ratio of Fe3+ ions occupying a- and d-sites:
ωm = γµ0H +


















where S = 5/2 for Fe3+, a is the nearest neighbor a-d distance, zad(zda) and λ = Nz/N
(µ = Nd/N) correspond to the number of nearest neighbor and occupation ratio of magnetic
ions in octahedral (tetrahedral) sites, respectively. When the substitution of d-sites becomes
large enough to compensate the spin at a-sites entirely, LuIG becomes antiferromagnet, and the
frequency of spin waves is linearly proportional to wavenumber. On the other hand, when the
LuIG remains as a ferrimagnet, the dispersion relation has a quadratic frequency dependence on
the wavenumber. Using the above expressions, the spin-wave dispersion in the two sublattices
ferrimagnet can be expressed as a function of x (y), according to the composition formula for
LuIG:Lu2Bi [AxFe2−x] (DyFe3−y)O12, where A (D) denotes the non-magnetic ions in octahedral
(tetrahedral) sites with concentrations x (y). According to the dispersion measurement by using
Brillouin light scattering (BLS), the concentrations are reported to be x = 0.101 and y = 0.909
(Fig. 2.2). The gallium distribution on the tetrahedral and octahedral sites has been examined
for various garnet compositions with and without bismuth [57, 58] The previous results indi-
cated that gallium will replace Fe3+ in both tetrahedral and octahedral sublattices, but with the
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Figure 2.2: (a). Calculated spin-wave dispersion relation of LuIG with different substitution
concentration. (b). Experimentally measured spin-wave dispersion relation of LuIG by Bril-
louin light scattering technique fitted by the model function [52].
strongest dilution of tetrahedrally coordinated Fe3+. This result is consistent with the result ob-
tained from the BLS measurement of the magnon dispersion relation. Owing to the substitution,
Curie temperature Tc of LuIG is smaller than YIG: Tc ≃ 400K. The temperature dependence
of spin current generation shows the drastic decrease near the curie temperature, as it loses the
magnetic ordering [50, 52].
2.1.2 Magneto-optical properties
The dodecahedral sites in garnet crystals can accept several types of rare-earth ions, and we
can enhance the magneto-optical effect by the substitution. Bi3+, Ce3+, Pb2+ are known to
enhance magneto-optical effect of the crystals due to the enhancement of spin-orbit interaction.
Especially substitution by Bi3+ ions gives a very strong Faraday rotation for the visible light,
which together with the fact that the grown crystals are nearly transparent, make them by far
the most frequently used material for magneto-optical imaging.
The understanding of the magneto-optical spectra in garnets is based on the knowledge of
the spin-orbit interaction in materials. The magneto-optical effect can be macroscopically writ-
ten as a difference in phase or absorption between left- or right- circularly polarized light. This
is microscopically interpreted as a difference between the transition of electrons depending on
the polarization. In the ground state, for the case of d-electron, angular momentum is quenched
and, therefore, the orbital angular momentum of the initial state L = 0. Owing to angular mo-
mentum conservation with electrons and photons, we require the following relations:
Jf = Ji + λ, (2.1.2.1)
where, Ji, Jf , λ are the total angular momentum of the initial and final state, and angular momen-
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Paramegnetic transition Diamegnetic transition
Real part
Imaginary part
Figure 2.3: (a). Energy level diagram for paramagnetic and diamagnetic transition (b). Energy
level diagram for light absorption in ferrite garnet materials. (c). Illustration of frequency de-
pendence of permittivity for paramagentic transition. (d). Illustration of frequency dependence
of permittivity for diamagentic transition [60].
tum of a photon, defined by multipole order (Eλ represents the electric transition of order 2λ).
Since the selection rule for optical transition under spin-orbit coupling requires the ∆J = 0,±1,
∆J = +1 transition refers to absorption of photon’s angular momentum and vise versa. There-
fore, the energy split in terms of J results in the change of absorption rate between left- and
right-circularly polarized light, leading to the magneto-optical effect.
The spin-orbit interaction generally causes a splitting of both the ground and excited states.
However, in many cases, it is possible to assume the splitting of one of the states. Then only
two situations are possible. (i) A paramagnetic transition, with a Zeeman-split ground state, and
(ii) diamagnetic transition, with an excited state, split 2∆ by spin-orbit coupling, as sketched
in Fig. 2.3. For ferrimagnetic systems, a Zeeman splitting is precluded by the strong superex-
change field quenching of the spin degeneracy, leaving a spin-singlet ground state. Therefore,
interpretation of the rotation and ellipticity spectra from LuIG must be based on the diamagnetic











ω(ω20± − ω2 − Γ2) + iΓ(ω20± + ω2 + Γ2)
(ω20± − ω2 + Γ2)2 + 4ω2Γ2
, (2.1.2.2)
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site N fi/α (cm−3) ∆i(eV) ωi(eV) Γi(eV)
Sample 2 Sample 3 Sample 4
(Bi, Ga) (0.796, 1.088) (0.874, 0.969) (0.818, 1.170)
a 1.76×1023 1.88×1023 1.69×1023 0.27 3.15 0.47
d -4.00×1022 -4.26×1022 -3.85×1022 0.11 2.51 0.38
Table 2.1: Composition of substitution and oscillator strength, spin-orbit splitting, central fre-
quency and damping. The third column represents substitution rate of Bi3+ and Ga2+ [57, 58]
where ω0± = ω0 ± ∆, ω2p = 4πNe2/m and N is the density of transition centers. The oscil-
lator strengths for the left- and right-circularly polarizations are f+ ≃ f− ≃ f /2 with f =
(mω0/h) (⟨g|r|e⟩)2, and r is the electric dipole operator. To the first order, it is reasonable to
assume that N is directly proportional to the bismuth content α [58].
N = N0(1 − x/2)(1 − y/3)α (2.1.2.3)
N0 is a constant and may be expected to be 1/3 of the density of rare-earth ions on the dodeca-





The electron states for LuIG are modeled, as shown in Fig. 2.3(b), by separating ∆J ± 1 tran-
sitions in terms of a- and d- sites. The substitution of Bi3+ into dodecahedral site increases the
overlap between the 6p orbit of Bi3+, 2p orbit of O2−, and 3d orbit of Fe3+. The overlap results
in a spin-orbit splitting 2∆i associated with the tetrahedral and octahedral sites1.
The table2.1 shows the oscillation strength of the LuIG samples with different compositions
of substitution. The oscillator strengths have an opposite sign between a-sites and d-sites for the
anti-parallel spin orientations, however, a-site gives a larger strength by a one order magnitude.
Therefore, the magneto-optical effect remains non-zero, leading to the Faraday effect.
The magnitude of the Faraday rotation is linearly proportional to the rate of Bi3+ substi-
tution. Fig. 2.4(a) shows the frequency dependence of the Faraday rotation angle and Bi3+
substitution rate. The naive modeling of the Faraday rotation reproduces the linear proportion-
ality to the Bi3+ substitution well.
1Due to the strong spin-orbit interaction in Bi3+, the 6p orbit of Bi3+ has a splitting. By the overlap of wave
function of Bi3+ and O2−, 3d orbit of Fe3+ hybridizes to each other, leading to energy split associated with the
spin-orbit splitting.
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(b)(a)
Figure 2.4: (a). Frequency dependence of the Faraday rotation with the samples of different
compositions. (b). Bismuth substitution rate dependence of the Faraday rotation [57, 58].
2.2 Femto-second pulse laser system
The femtosecond pulse laser is an indispensable tool to perform various spectroscopic inves-
tigations, including THz spectroscopy, non-linear domain imaging, and time-resolved spec-
troscopy. The development of a femtosecond laser was possible because of Ti-doped Al2O3
with a wide gain bandwidth and excellent thermal conductivity, enabling short pulse generation
with stability. One of the most significant advantages of the femtosecond pulse laser is the very
short time scale of the pulse. The typical time scale of pulse duration is several tens of fem-
tosecond, which is much smaller than magnetization dynamics or electron-phonon relaxation
(∼ ps). Therefore, it is a powerful tool to investigate ultrafast dynamics such as charge trans-
fer transition of strongly correlated electron systems. Another advantage of the pulse laser is
the intensity of the electromagnetic field created by the pulse. Since the pulse time duration
is extremely short, the laser power is concentrated temporally and realizes an extremely strong
electromagnetic field in the pulse. The strong laser intensity is beneficial for investigation of
non-linear optical phenomena and micro-structuring including laser ablation. In this section, the
femtosecond laser’s fundamentals are introduced so that the working principle of the follow-
ing time-resolved magneto-optical system becomes clear. The laser system for magneto-optical
imaging consists of self mode-locking pulse laser, regenerative amplifier, and pulse compressor.
The following subsections are explaining the components one by one.
2.2.1 Parametric amplification of light
The optical parametric amplifier is a device to tune the frequency of the light by using non-linear
parametric amplification. The optical parametric amplification is the second-order non-linear
effect where a signal light is amplified by introducing an intense pump light. The physics
behind the parametric amplification is a non-linear optical effect. The development of non-
35
2.2Femto-second pulse laser system 36
Figure 2.5: The first report of optical second harmonic generation: pioneering research of non-
linear optics. The down arrow in the left side is intended to show the appearance of second
harmonic spot, however, mistakenly deleted as it was seen as a stain [61].
linear optics started in 1961 by Franken’s first observation of second harmonic generation, a
frequency doubling of the light, which has become possible by laser light with high intensity.
In non-linear optics, electric polarization is expanded with higher-order terms as follows:
P̃(t)NL = ϵ0
[
χ(1)Ẽ(1) + χ(2)Ẽ(t)2 + χ(3)Ẽ(t)3 + · · · ] (2.2.1.1)
= P(t)(1) + P(t)(2) + P(t)(3) + · · · (2.2.1.2)
Here, χ(2), χ(3) are second and third order non-linear susceptability, respectively, and P(2)(t) =
ϵ0χ
(2)E2(t) and P(3)(t) = ϵ0χ(3)E3(t) are the second and third-order non-linear polarization.
Same as the conventional electromagnetic theory, the electromagnetic response of the material
is described by classical Maxwell’s equation and semi-classical modeling of the response func-
tion. Firstly, the spatio-temporal development of non-linear response is expressed by macro-
scopic electromagnetic theory, typically by Maxwell’s equations. In this stage, the response is
incorporated into macroscopic physical quantity such as electric field and electric polarization.
The macroscopic description allows qualitative discussions on the non-linear effect; however,
to perform quantitative discussion, microscopic modeling is inevitable. The coefficients for
the constitutive equation of materials are explained by semi-classical modeling of the response
function.
Here, we introduce parametric amplification, which is generally present with non-zero non-
linear susceptibility χ(2). When the inversion symmetry is broken down, χ(2) becomes non-
zero. Second-order non-linear effect includes sum-frequency generation, difference-frequency
generation, and second harmonic generation, all of which involve three light rays as an input and
output. Parametric amplification involves five optical rays, including signal and pump waves
as an input, and idler and signal and transmitted pump beam, however, the three light waves
excluding input and output pump beam is necessary for its description. By introducing the
36
2.2Femto-second pulse laser system 37
aforementioned non-linear polarization, classical non-linear phenomena can be described by
the modified Maxwell equation as follows [62]:[










We assume that both E(r, t) and P(r, t) can be expanded into a set of infinite plane waves as
E(r, t) =
∑
i Eiei(ki·r−ωit), P(r, t) =
∑
i Piei(ki·r−ωit). Maxwell’s equation is generally split into




(ϵ · E(ω))⊥ = −
4πω2
c2
PNL⊥ (ω, z) (2.2.1.4)
∇ ·
[
(ϵ · E(ω))// + 4πPNL// (ω)
]
= 0 (2.2.1.5)
Several simplifying approximations are often made in non-linear optics to obtain solutions of
these equations: slowly varying amplitude approximation, the infinite plane-wave approxima-
tion, and constant pump intensity approximation. Here we use slowly varying amplitude ap-
proximation. Wave coupling arises, which leads to energy transfer among waves. Therefore,
the wave amplitudes are expected to change in propagation. Since the energy transfer among
wave is usually significant only after the waves travel over a distance much longer than their




This approximation reduces the modified Maxwell’s equation from a second-order differential








Here, the non-linear polarization PNL⊥ is a combination between Ei and non-linear susceptibility
χ(2). Considering the case of parametric amplification, frequencies of the three waves meet the
following condition:
ω3 = ω1 + ω2 (2.2.1.8)
Therefore, the second-order non-linear polarization can be written as follows, depending on the
2∇ × (∇×)E = ∇(∇ · E) − ∇2E
3∇2Ei,⊥ = ∂
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frequency.
P(2)(ω1) = χ(2)(ω1 = −ω2 + ω3) : E∗2(k2, ω2)E3(k3, ω3) (2.2.1.9)
P(2)(ω2) = χ(2)(ω2 = ω3 − ω1) : E∗1(k1, ω1)E3(k3, ω3) (2.2.1.10)
P(2)(ω3) = χ(2)(ω3 = ω1 + ω2) : E1(k1, ω1)E2(k2, ω2), (2.2.1.11)





















where K = 2πc2 e3 · χ
(2)(ω3 = ω1 + ω2) : e1e2, ∆k = k3,z − k1,z − k2,z and θ0 = ϕ3 − ϕ1 − ϕ2
is the initial phase difference of the fields at z = 0. Here we assume that the pump intensity
is invariant in the crystal owing to the large intensity (constant pump intensity approximation).
Then the equations reduce to two equations with the variable E1 and E∗2 with ∆k , 0. Writing








KE∗3 iγ1 − i∆k
∣∣∣∣∣∣∣∣ = 0 (2.2.1.15)



































∆k ± ig] (2.2.1.18)
g =
√






















The solution gives the threshold behavior of the parametric amplification as a function of pump
intensity E3. If KE3 is small so that g20 < (∆k)
2, then g is purely imaginary. If KE3 is sufficiently
large so that g20 > (∆k)
2, then g is real and positive, and at large gz, both E1 and E2 grow
exponentially with z. Therefore, g0 = ∆k is the threshold for parametric amplification. The
parametric gain is a maximum with g = g0 at phase matching, ∆k = 0.
In the pulse laser system, the optical parametric amplification is useful for changing the
laser pulse wavelength. Figure. 2.6 shows the schematic of optical setup for an optical para-
metric amplification. Input is an 800 nm pulse laser generated by Ti2O3 pulse laser, and the
output includes idler, residual pump, and amplified signal light. The setup generates a white-
light continuum by focusing the pulse laser to a media strongly so that one can select arbitrary
wavelengths. The optical parametric amplifier amplifies the intensity of the light with a par-
ticular wavelength by passing the beam for the non-linear crystal twice with a certain delay,
which is tuned by a delay stage. With a certain delay, only the constructively interfered light is
amplified in the crystal, giving the controllability of the wavelength of the pulse laser.
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2.2.2 Mode locking
Mode locking refers to the fixing of phase relations between optical cavity modes with different
frequencies. As a result of fixing the phase relations, the superposition of cavity modes with dif-
ferent frequencies has a temporarily confined amplitude distribution, which leads to ultrashort
pulse laser emission.
Mode locking is realized by periodic modulation of laser intensity in the cavity with a wide-
band gain medium such as Ti;Al2O3. When several modes of lights are confined in an optical
cavity, the electric field of n-th mode is written as follows.
En(t) = E0ei(ω+ncπ/L)t (2.2.2.1)











By using the expression, the duration of the light pulse is shorter as more modes of the light are
superposed.




In order to fix the phase relation between different modes, periodic modulation of laser intensity
is performed. For instance, when we apply a modulation with frequency of ∆ω to the light mode
with the frequency of ω, the light intensity can be written as follows.
I′(t) = I0e−iωt +
1
2
(e−i(ω+∆ω)t+iϕ + e−i(ω−∆ω)t+iϕ) (2.2.2.4)
The spectrum of I′(t) has a sideband at ω ± ∆ω. When the modulation frequency is set to
∆ω = 2πc/(2L), the sideband frequency is identical with the electromagnetic mode next to I0
and therefore the modes start to oscillate in the same phase.
There are two mode-locking categories depending on the way for modulation: active mode-
locking and passive mode-locking. Active mode-locking refers to the periodic modulation of the
light intensity by changing resonator quality factor or the round-trip phase change, achieved by
an acousto-optic or electro-optic Mach-Zehnder integrated-optic modulator, or semiconductor
electroabsorption modulator. The laser pulse duration generated by the active mode-locking is
typically the pico-second range. The balance of two effects determines the time duration: pulse
shortening in the modulator and pulse broadening by gain narrowing. The modulator cuts the
temporal wing of pulse laser and shortens the pulse duration. This effect becomes weak when
the pulse duration becomes smaller. On the other hand, the pulse duration is broadened by
the gain medium because of the limited bandwidth of the medium. This broadening is more
40
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Figure 2.7: (a). Plot of sum of electromagnetic field intensity. N indicates the order of modes to
sum up. (b). A schematic of frequency spectrum of modulated light pulses. When the sideband
frequency is the same as the other cavity mode, mode lock is realized
effective when the pulse duration becomes smaller, and therefore the working pulse duration is
determined by the balance between these two effects. The estimation of the balanced working
pulse duration can be done by using the Kuizenga-Siegman theory [63].
Passive mode-locking refers to a periodic modulation of the light intensity by saturable ab-
sorber with suitable properties. Unlike active mode-locking, passive mode-locking does not
require external control of the phase or absorption. By the use of a saturable absorber, each
time the pulse hits the saturable absorber, it saturates the absorption, thus temporarily reducing
the losses of a resonator. In the steady-state, the laser gain can be saturated to a level that is
just sufficient for compensating the losses for the circulating pulse. In this condition, any light
of lower intensity will experience losses at the saturable absorber because the light with lower
intensity does not saturate the absorber. The absorber can thus suppress any additional pulses
in addition to any continuous background light. Also, the temporal wing of a pulse can be
suppressed by the absorber’s attenuation if the absorber can recover sufficiently quickly. The
typical pulse duration is much shorter than the pulse generated by active mode-locking (∼ tens
of femtosecond), mostly because the response of saturable absorber is generally much faster
than any electronic modulator. Similar to active mode-locking, the working pulse duration is
determined by the balance between pulse shortening by saturable absorber and pulse broadening
chromatic dispersion. Chromatic dispersion refers to the frequency-dependent phase/group ve-






where ω, n(ω), c, l are the frequency, refraction index, speed of the light and the length of the
light path. The frequency dependence of the refraction index also gives rise to group velocity
41





Pump: YAG laser (532 nm)
Output









 (Central wavelength ~ 800 nm)
Figure 2.8: (a). A schematic of Kerr mode locking. Ti;Al2O3 crystal is pumped by YAG laser
light with the wavelength of 532 nm, and owing to the optical kerr effect, self- and periodic
intensity modulation is realized. (b). Schematics of optical Kerr effect. For the case of high
power light, the optical path converges to pass through the slit while it is attenuated in the case
of low power.












The delay in the group velocity induces the difference in the propagation velocity of the light
with different frequencies, which leads to the chirping pulse signal, and the length of the pulse
duration tends to become significant.
One of the typical passive mode-locking methods is Kerr mode-locking (KLM), where the
optical Kerr effect of Ti;Al2O3 is utilized as a saturable absorber. The Optical Kerr effect is a
third-order non-linear effect that changes the refraction index of the material depending on the
intensity of the light. In the case of third-order non-linear effect, three light waves are mixed.
When the frequency of the incoming three lights are identical, electric polarization with the
identical frequency as the incoming light can be created as follows:
PNL(ω) = 3ϵ0χ(3)(ω = ω + ω − ω)|E(ω)|2E(ω) (2.2.2.7)
The total electric polarization is written as follwos.
Ptot(ω) = ϵ0χ(1)E(ω) + 3ϵ0χ(3)|E(ω)|2E(ω) (2.2.2.8)
= ϵ0χeffE(ω) (2.2.2.9)
Therefore, the non-linear polarization induces additional contribution to the refraction index,
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which is written as follows.









This non-linear refraction index works to focus the laser beam just as a lens. When the intense
laser light passes through the Ti;Al2O3 with slit, the light is self-focused and passes the slit
while it is attenuated when the laser light intensity is below the non-linear threshold. Since the
light pulse periodically transmits through Ti;Al2O3, the optical Kerr effect realizes the periodic
modulation of laser intensity. This non-linear refraction index works to focus the laser beam
just as a lens.
2.2.3 Pulse compression
Pulse compression is used for forming short pulses with the time duration of several femtosec-
onds. Typically, such methods are used to the pulse with the width of the picosecond or fem-
tosecond. There is a variety of methods for temporally compressing optical pulses. The princi-
ple of those methods is, in many cases, the chromatic dispersion. Chromatic dispersion refers
to the frequency dependence in the phase and group velocity of the light. In a dispersive media,
such as a prism, the light travels at different velocities depending on the wavelength. There-
fore the light is refracted, forming different refraction angles. When two pairs of these media
are aligned, and the light travels through them, the optical path for the long-wavelength light
and short-wavelength light becomes different, leading to stretched and chirped pulse. When
the chirped pulse travels through the set of prisms with opposite chromatic dispersion, the light
pulse is compressed to form the same pulse width, which is the fundamental working principle
of a pulse stretcher and compressor.
The pulse compression technique can be categorized into two groups. The first one is linear
pulse compression, which refers to the pulse compression only with the chromatic dispersion,
by using diffraction gratings, a prism pair, chirped fiber Bragg grating. The smallest possible
pulse duration is set by the pulses’ optical bandwidth, which is not modified by dispersive
compression. In ultrafast laser physics, it is common to specify the full width at half-maximum
(FWHM) in both the time and frequency domain. The product between FWHM in time and
frequency domain gives the minimum pulse duration from the original frequency spectrum.
For instance, the time-bandwidth product of sech2-shaped pulse and gaussian-shaped pulse are
0.315 and 0.44, respectively. Therefore, the sech2 pulses with a duration of 30 fs must have a
bandwidth of 1.05 THz.
An exemplary application of linear pulse compression is Chirped pulse amplification(Fig. 2.9).
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Initial short pulse




A pair of gratings to compress pulse
Power amplifier
Figure 2.9: A schematic of chirped pulse amplification with pulse stretcher and compressor by
using a pair of Bragg gratings
When the light intensity is high, various non-linear effect occur, and laser light’s spectral prop-
erties may experience unwanted changes. The high-intensity laser may even break a gain media
with its very high-intensity electric fields. This prevents many researchers from amplifying
pulse laser. Donna Strickland’s report in 1985, by the visions of her supervisor Gérard Mourou,
provided the idea to amplify the intensity of temporally stretched chirped-pulse instead of the
original pulse. The laser pulse’s peak intensity can decrease depending on chromatic disper-
sion, which avoids unwanted non-linear effect due to the high intensity. This technique is the
standard method for obtaining super high-intensity laser pulses with the output power of 109 to
1012 W. Besides, the device structure is simple, which realizes a high-intensity laser source of
109 W in a table-top size. In 2018, a Nobel Physics Prize was awarded to Gérard Mourou and
Donna Strickland for paving the way towards the shortest and most intense laser pulses created
by mankind.
The second technique is the non-linear pulse compression. This technique uses the 4th-
order non-linear phenomenon, self-phase modulation, a non-linear phase shift depending on
the laser’s power with a specific wavelength. The frequency spectrum of the pulse is broad-
ened and thus realizes much stronger compression. Non-linear pulse compression can be done
with different configurations of optical elements, and the method is based on different physi-
cal principles. For example, unchirped pulses can be spectrally broadened by propagation in a
normally dispersive optical fiber and then dispersively compressed, as discussed above, in the
context of linear pulse compression. The fibers used for spectral broadening may be standard
optical fibers, photonic crystal fibers, or hollow fibers.
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Figure 2.10: A schematic of regenerative amplifier of the laser system used in the magneto-
optical imaging system
2.2.4 Regenerative amplifier
A regenerative amplifier is a device used for strong amplification of optical pulses, usually
with a femtosecond time domain. It amplifies the input pulse laser by letting the pulse travel
back and forth in the optical cavity with pumped gain media such as Ti;Al2O3 inserted. The
input pulse travels into the optical cavity through the Faraday rotator and Pockels cell. Faraday
rotator rotates the polarization angle to distinguish the input and output lasers, and Pockels cell
works to switch on and off the laser emission from the optical cavity. The working principle
of the regenerative amplifier is as follows. First, the gain medium is pumped for some time, so
that it accumulates some energy. Then, the initial pulse enters into the resonator through the
Pockels cell. After that, the pulse can undergo many of the resonator trips, being amplified to
a high energy level. Finally, the pulse comes out of the resonator with the optical switch. The
typical repetition rate of a regenerative amplifier is in the order of 1 kHz. In the laser system
used for our magneto-optical imaging method, seed laser is mode-locked Ti;Al2O3 laser with a
repetition rate of 80 MHz, and therefore, only the small number of the generated seed pulses is
used by the amplifier.
For high repetition rates (e.g. tens of kilohertz or higher), the amplifier gain medium is
usually pumped continuously. For lower repetition rates, pulsed pumping, for instance with a
Q-switched laser, is prefarable. In our setup, gain medium Ti;Al2O3 is pumped with pulsed
Nd;YLF (LiYF4) laser of which emission frequency is doubled with a 2nd-order non-linear
crystal LBO (LiB3O5) to 527 nm.
Due to the strong intensity resulting from the amplification, unwanted non-linear effect
may occur and degrade the stability of the amplification. The chirped-pulse amplification can
effectively suppress the effect. Without CPA, the obtainable pulse energy may be limited by
non-linear effects or even optical damage phenomena.
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2.3 Time-resolved magneto-optical imaging: Spin wave tomogra-
phy
In this section, Time-resolved magneto-optical imaging technique and its analysis method, Spin
wave tomography, are introduced. For the investigation of the spin-wave dynamics, the energy-
momentum relation of spin waves is important because it determines the propagation dynamics
of spin waves. Besides, the spatial propagation of spin waves in devices is also of importance
for the future spintronic application of spin waves. Time-resolved magneto-optical imaging
allows a straightforward approach to these goals for researchers in spintronics by realizing
spatiotemporally resolved spin-wave measurement. Typical lengthscale of spin-wave dynamics
is in the range of nanosecond and micrometers, and thus visualization of magnetization texture
by a visible light source is possible. The timescale of spin wave is in the accessible range
with a pulsed light source. As introduced in the last section, the femtosecond laser light source
provides light irradiation on a sample for 10 to 100 femtosecond, which is much shorter than
the typical timescale of the magnetization dynamics: ∼ nanoseconds. Therefore, a combination
of pulse laser and conventional magneto-optical imaging enables spatiotemporally resolved and
direct measurement of spin-wave dynamics.
The advantage of direct imaging of spin-wave dynamics is that one could reconstruct the
energy-momentum spectrum from the images. The observed real-space spin wave pattern is a
result of the spatiotemporal interference of many waves. By performing Fourier analysis, the
interfered pattern can be decomposed into Fourier amplitudes. The Fourier amplitudes in the
wavenumber-frequency domain reflect the energy-momentum relation of spin waves, and thus,
the time-resolved magneto-optical imaging can provide an excitation spectrum of spin waves
by combining with Fourier analysis. The optical setup and analysis method is introduced in
the following subsections to show the capability of the time-resolved magneto-optical imaging
technique.
In the following subsections, optical setup and analysis method is introduced to show the
capability of the time-resolved magneto-optical imaging technique.
2.3.1 Optical setup
. Time-resolved magneto-optical imaging is realized by measuring the Faraday rotation of
transmitted light through a sample. An 800-nm wavelength pulse laser realizes the excitation
of spin waves with a pulse intensity of 50 to 1000 nJ. Faraday rotation at each point is obtained
by measuring the change of the transmitted light’s intensity as a function of the angle of half-
waveplate mounted before an analyzer. When the polarization of the light rotates by θF, and
the light acquires ellipticity of ηF, the polarization of the transmitted light is described by a
Jone’s matrices―setting the matrices as Fig. 2.11, the intensity of the electric field is written as
follows.
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Figure 2.11: A schematic of optical components for the magneto-optical imaging.
E =
 1 00 0
  cos(π2 + θ) −sin(π2 + θ)sin(π2 + θ) cos(π2 + θ)
 (2.3.1.1)
·
 eiπ/2 00 e−iπ/2
  cos(−π2 − θ) −sin(−π2 − θ)sin(−π2 − θ) −cos(−π2 − θ)

·
 cosθF + iηFsinθF −sinθF + iηFcosθFsinθF − iηFcosθF cosθF + iηFsinθF
  01

where, θ is a rotation angle of the λ/2 plate. Due to the initial polarization of the incoming light,
only the x component becomes non-zero. The intensity of the electric field of the transmitted
light is written as follows.
x = cos2θ (isinθF + ηFcosθF) − sin2θ (icosθF − ηFsinθF) (2.3.1.2)
The intensity of the light is given by the square of the intensity of the electric field, written as
follows.









As shown in the equation, the light intensity depends quadratically on the angle of λ/2 plate.
The axis of the quadratic curve represents Faraday rotation, and the bottom value represents el-
lipticity. When a quarter waveplate is installed on the light path, the output intensity is modified
47




sin2θFcos2(2θ + ϕ) + cos2θFsin2(2θ + ϕ)
] √









where, ϕ is a ellipticity angle defined by cosϕ = 1√
1+η2F
. In this case, the axis of the quadratic





By changing the time delay between the pump beam and probe beam, one could obtain a
series of snapshots of the spin-wave propagation. The time delay is controlled in the probe
beam path by using two adjacent delay stages. The distance between the mirror and the delay
stage is typically 1 m, which gives us a delay length of around 8 m. This delay corresponds to
26.7 ns, enough timescale for spin waves having several GHz frequencies. The light introduced
to the delay stage is originally polarized along the vertical orientation of the optical stage, and
it is changed to horizontal orientation when it reflects from the end mirror. This rotation of the
polarization is realized by the combination of an end mirror and the quarter waveplate. The
quarter waveplate makes the linearly polarized light into circularly polarized light, and the end
mirror reflects the circularly polarized light, which has the opposite chirality from the incoming
light wave. Therefore, by transmitting through the quarter waveplate again, the polarization is
90-degrees rotated. The probe beam is then weakly focused on the sample after transmitting
through the polarizer.
The pump beam goes through multiple mirrors so that the pump beam path becomes close to
8 m, the same as the probe beam’s path. After transmitting through the polarizer and ND filter,
the pump beam is focused on the sample to excite a spin wave. The pump beam is introduced in
the opposite direction to the probe beam so that the transmitted pump beam does not travel into
the CCD camera for imaging because it may damage the CCD detector for extremely strong
intensity.
In this method, one can obtain Faraday rotation images with a spatial resolution of 225
nm and a temporal resolution of 0.1 ns. We used a 100 fs-duration pulsed light source with
a central wavelength of 800 nm and 1 kHz repetition frequency. The central wavelength of
the probe beam was tuned to 630 nm with an optical parametric amplifier. The probe beam
was linearly-polarized along the y-axis with a Glan-Taylor prism and then was weakly focused
on the sample surface. The transmitted probe beam was expanded with an objective lens and
then introduced to a magneto-optical imaging system, composed of an analyzer mounted on
a rotation stage, an imaging lens, and a CCD camera. In this setup, obtained images reflect
the rotation angle of the transmitted probe beam. The magnetization dynamics induced by the
pump beam was observed by calculating the difference between two images observed with and
without the irradiation of the pump beam.
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Figure 2.12: A schematic of the configuration of the optical components for Spin wave tomog-
raphy.
Before entering the CCD camera, the light transmits through a color filter so that the re-
flected 800 nm pump beam does not enter the CCD camera. When the pump beam’s intensity
is intense, it results in the second harmonic generation on the surface of the sample, which is
also attenuated by the filter. The second harmonic generation is used to find the position of the
pump beam on the sample and for precise tuning the position of the sample to see clear spin-
wave propagation. For the accurate observation of spin waves, the sample must be appropriately
focused. When the light does not focus on the sample, it effectively decreases the laser light
absorption, giving weak excitation for spin waves and elastic waves. Besides, when the probe
laser is not well-focused, the image becomes a blur, leading to the deteriorated spatial resolu-
tion. Avoiding unwanted diffraction due to the optical components is also crucial for obtaining
clear images.
Figure2.13 shows the magneto-optical images obtained after the laser irradiation by 0.5,
1.5, and 5.0 ns. The pump laser is focused on the center of the field-of-view with the radius of 1
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Figure 2.13: Examplary time-resolved magneto-optical images obtained by pump beam focus
shaped into a point in the center of the image with the radius of 1 µm. External magnetic field
is applied along x-axis with the magnitude of H=40 Oe. Waves are propagating from the center
to outside radially as time past.
µm. Magnetic field is applied in-plane along x-axis, and this configuration leads to anisotropic
wave propagation owing to anisotropy of spin-wave dispersion in dipole regime.
2.3.2 Fourier analysis of magneto-optical images
When magneto-optical images are obtained in a periodic manner, the excited wave pattern spec-
trum can be reconstructed by Fourier transform. This is essentially the same as the FTIR spec-
troscopy, which obtains a spectrum as a result of the Fourier transform of the interferogram. By
the irradiation of the pump beam, magnetization dynamics is induced as a result of optical ul-
trafast demagnetization and excitation of elastic waves. The interference pattern of spin waves





dtHeff(r − r0, t − t0)χ(r, t), (2.3.2.1)
where, m(r0, t0), Heff(x, y, t), χ(x, y, t) are the local magnetization, the effective magnetic field,
and the susceptibility of a magnetic material. Since the time-resolved magneto-optical images
are obtained by measuring Faraday rotation, it reflects the z-component of the dynamic compo-
nent of magnetization. The probe beam transmits through the sample and acquires the Faraday
rotation all along the optical path, and thus the obtained magneto-optical image is an integrated
Faraday rotation over the thickness. The Fourier transform of the obtained images is, according
to the convolution theorem, written as follows.
m̃z(k, ω) = χ̃(k, ω) · H̃eff(k, ω) (2.3.2.2)
where, m̃z, χ̃, H̃eff are the Fourier component of z-component of magnetization, the susceptibil-
ity, and the effective field. From the spectrum, we could obtain the product of susceptibility and
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effective excitation field.
Figure 2.14: Exemplary spectrum obtained from the Fourier transform of time-resolved
magneto-optical images. MV represents the dispersion relation of volume-mode spin waves
and TA represents transverse mode of elastic waves. [27]
Figure2.14 shows the Fourier spectrum of the magneto-optical imaging data obtained at
different magnetic fields. White dashed lines in the figure shows the theoretical curve of the
dispersion relation of backward-volume-mode spin waves. As the magnetic field increases,
spin wave dispersion shifts to high frequency regions because of the increasing Zeeman energy.
Laser-induced magnetization dynamics is a transient response, and therefore the time-dependent
analysis of the spectrum is important. The time-resolved magneto-optical images can be ana-
lyzed by finite-length Fourier transform so that it gives the temporal evolution of the spectrum.
In performing time-dependent analysis, the following Gaussian filter is applied to the data with
respect to each pixel’s temporal axis.
F(t) = Ae−(t−tc)
2/(2∆2) (2.3.2.3)
where tc,∆, A are the central time of the filter, the temporal width of the filter, and the amplitude
of the filter. As a result of the application of the temporal filter, time evolution of the spectrum
intensity becomes clear; this is a powerful tool to investigate transient dynamics of spin waves
such as reflection at a boundary, and investigation on the excitation-relaxation mechanism of
spin waves in a material.
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TRMO imaging of magnetoelastic
waves by Cotton-Mouton effect
Recent development of time-resolved magneto-optical (TRMO) imaging technology has en-
abled the direct investigation of laser-induced magnetization dynamics in magnetic films with
sub-pico second temporal resolution and micro-meter spatial resolution [28, 64–66]. This tech-
nique allowed the direct observation of directional control of spin-wave propagation [67] and
the reconstruction of spin-wave dispersions [27,68]. With the TRMO imaging, propagation dy-
namics and dispersion relation of spin waves has been investigated as one of the key elements
in developing spin-wave based devices [19, 20, 69–74].
In the presence of the coupling between spin waves and elastic waves, laser-induced stress
can excite magnetization dynamics. Such a coupled wave is called a magneto-elastic wave [25,
75]. The propagation dynamics of magneto-elastic waves depends on the excitation mechanism
driven by laser irradiation [76]. Here, the excitation mechanisms include impulsive stimulated
Raman scattering (ISRS) [65], inverse Faraday effects (IFEs) [64,77,78], photo-induced demag-
netization and photo-induced change in the magnetic anisotropy [27,79]. Previous experimental
researches on the laser-induced excitation of magneto-elastic waves have been carried out in in-
plane (IP) magnetized films, where ISRS and photo-induced demagnetization dominantly excite
magneto-elastic waves.
In this study, we investigated magnetization dynamics in an out-of-plane (OP) magnetized
film by developing a spatio-temporal imaging method using Cotton-Mouton effect (CME) sen-
sitive to m⊥. In an OP magnetized film, we can exclude the contribution of photo-induced
demagnetization and IFE of which effective fields are parallel to the magnetization of the film.
Through systematic measurements with changing incident light polarization and magnetic field,
we extracted the contributions of the CME from the obtained magneto-optical (MO) images
and observed stress-driven magneto-elastic waves in an OP magnetized film. The observed
magneto-elastic waves have group velocity faster than spin waves, making them a promissing
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candidate for the carrier of spin-wave based devices.
3.1 Magnetization configuration and magneto-optical effect
In this section, we recap the basics of magneto-optical effect and introduce the benefit of imag-
ing by the Cotton-Mouton effect. Magneto-optical imaging is a imaging technique to observe
magnetization in various materials by measuring polarization of a light transmitted or reflected
from the material. For the transmitting light, Faraday effect or Cotton-Mouton (Vogt) effect
occurs, and for reflected light, magneto-optical Kerr effect in various configurations occurs. Al-
though the change in polarization is independent of thickness in the reflection configuration, the
change in polarization is proportional to the thickness in transmission configuration. Therefore,
for the materials with small magneto-optical effect, transmission configuration is widely used.
Faraday effect gives a rise to the light polarization angle as a linear response to magnetization
component parallel to the light axis. On the other hand, Cotton-Mouton effect gives a rise to
the light ellipticity as a linear response to magnetization component perpendicular to the light
axis. These two effects have different origins. Faraday rotation is owing to the imaginary part of
non-zero off-diagonal component of susceptibility, which represents phase shift between left-
and right- circularly polarized light. Since summation of the left- and right-circularly polarized
light gives a linearly polarized light, the phase difference between the two polarization gives a
tilt of the polarization angle. Cotton-Mouton effect is owing to the difference in the diagonal
component of susceptibility, which represents phase shift between S and P polarization. Since
circularly polarized light is a summation of S and P polarization with phase difference of 90◦,
phase shift between S and P gives ellipticity of the light polarization.
Recent advance in pulse laser technique and consequent pump-and-probe technique allows
us to measure magnetization orientation within a few pico-seconds, leading to a snapshot of
magnetization dynamics in materials. This leads to extend pump-and-probe spectroscopy to
time-resolved magneto-optical (TRMO) imaging for magnetization dynamics, especially spa-
tially non-uniform dynamics such as spin waves. In previous studies, photo-detectors measure
the change in polarization angle of the transmitted light through the sample so that they can
detect Faraday effect. However, with Faraday effect, measurement setup is sensitive to in-plane
magnetization precession only because oscillating component of magnetization must have out-
of-plane component. Therefore, the use of Cotton-Mouton effect is beneficial for observing
magnetization dynamics in out-of-plane magnetized film, because oscillating component is al-
ways in-plane in an out-of-plane magnetized film.
One of the hurdles in realizing imaging by Cotton-Mouton effect is the magnitude of this
effect. Typically, magnetic garnet has a Vogt coefficient of several degrees per micrometer,
however, the coefficient of angle of ellipticity is around two order of magnitude smaller than
that of Vogt coefficient. Due to the small magnitude of the effect, the light ellipticity induced
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Figure 3.1: Schematic illustration of the experimental setup. The pump beam is focused on
the sample surface to excite magnetization dynamics. A probe beam is polarized along eϕ
and weakly focused on the sample. The ellipticity of the transmitted probe beam reflects the
magnetization component perpendicular to the light axis (m⊥). The ellipticity is converted into
a rotation angle by a quarter-waveplate, and then observed by a rotating analyzer method using
a CCD camera [29]. Left top panel shows the magnetic field dependence of Faraday rotation
angle of the sample.
by the Cotton-Mouton effect is easily disturbed by a natural birefringence of optical elements.
Therefore, we avoid using unwanted birefringence by minimizing optical elements on the path
of transmitted light and keep the state of polarization.
3.2 Experimental method to obtain spin dynamics via Cotton-Mouton
effect
3.2.1 Setup for magneto-optical imaging by Cotton-Mouton effect
In this measurement, the magneto-optical (MO) imaging system is composed of a quarter wave-
plate, an analyzer mounted on a rotation stage, an imaging lens, and a CCD camera. The quarter
waveplate transforms the light ellipticity to the polarization angle when the axis of waveplate
matches to the major axis of the elliptically polarized light. Here, we assume that the change in
polarization angle is mainly induced by a static Faraday effect due to saturation magnetization
of the sample, and dynamic component of the magnetization does not significantly contribute.
Then the axis of the quarter waveplate is aligned so that it minimizes the transmission of the
light in the Crossed Nichols configuration. In this setup, obtained images reflect the ellipticity
of the transmitted probe beam. The quarter waveplate was used to transform the light ellipticity
into the rotation angle of the polarization plane of the light. The magnetization dynamics in-
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Table 3.1: Change in stokes parameters due to insertion of a beam splitter
Beamsplitter Polarization S 0 S 1 S 2 S 3
without z 1 -0.993 0.0653 0.0199
x 1 0.999 0.0246 0.0019
with z 1 -0.9995 0.065 0.0197
x 1 0.9991 -0.0026 -0.0605
duced by the pump beam was observed by taking the difference between two images observed
with and without the irradiation of the pump beam. The light ellipticity may originate from
magnetic circular dichroism (MCD) as well as CME. These two components can be distin-
guished in terms of their dependence on the probe-beam polarization, since CME depends on
the direction of eϕ, while MCD is independent of eϕ.
In the present work we present results from two types of experiments. One is from static
measurements of domains magnetized in different directions. The other is on a time-resolved
measurement on an OP magnetized film. In the magnetic domain measurement, no external
magnetic field was applied and the pump beam did not illuminate the sample. In the time-
resolved measurement, we applied an out-of-plane magnetic field of 3.2 kOe to align M parallel
to the sample surface normal. Note that under the magnetic field of 3.2 kOe applied in this ex-
periment, magnetization is saturated. The inset to Fig. 3.1 shows the magnetic field dependence
of M along the light-beam axis obtained via the Faraday effect. Magnetization dynamics ex-
cited by the illuminating pump beam was observed. The temporal change in m⊥ was obtained
by scanning the time delay between the pump and probe pulses from -1 ns to 13 ns with the
increment of 0.1 ns. The origin of the time delay is defined as the time when pump and probe
pulses illuminate the sample simultaneously.
3.2.2 Evaluation of stokes parameters of transmitted light
In order to confirm that the light ellipticity induced by the Cotton-Mouton effect is not disturbed
by optical elements in the path of a light, we measured the stokes parameter Stokes parameter
is defined by forming a quadratic form out of the light intensity in each axis. The first to
forth parameter describes the total intensity of a light, difference in the S and P polarized light
intensity, difference between the 45◦-degrees tilted perpendicularly polarized light intensity, and
difference in the intensity between left and right circularly polarized light. When normalizing
these parameters by the first parameter, each stokes parameter can be written as follows.
S = [S 0, S 1, S 2, S 3] =
[
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, where χ,Ψ is ellipticity angle defined by tanχ = b/a (a and b is a major and minor axis of an
ellipse) and polarization angle.
In the imaging system for the Cotton-Mouton effect, pump beam is introduced by a small
mirror instead of the beam splitter which is normally used in the SWaT setup. This is because
the beam splitter is found to disturb the light ellipticity significantly. In the table below, stokes
parameters with and without the beam splitter is shown. It is clear that the light polarization is
significantly change when the light is polarized along x-orientation. The change in the ellipticity
was also measured with and without the beam splitter. In the case of z-polarized light, the light
ellipticity increases by 9.5 ×10−4 by the insertion of a beam splitter. On the other hand, in the
case of x-polarized light, the light ellipticity increases by 3.0 ×10−2. Therefore, we omit the
beam splitter in the Cotton-Mouton measurement.
3.3 Results of imaging by the Cotton-Mouton effect
3.3.1 Static imaging
Let us first show a static magneto-optical image of magnetic domains observed through CME
in Fig. 3.2(a). The color in the figure indicates the light ellipticity defined in the color code. The
sign of the light ellipticity is defined as plus(minus) for a right(left)-handed elliptically polarized
light. The polarization vector of the incident light is 10 degrees tilted from the z-axis (ϕ = 10
deg.), where the signal intensity is maximum. We see clear contrast between two domains with
different magnetization orientations, as shown in Fig. 3.2(a). Figure 3.2(b) shows the ellipticity
for each domain as a function of the orientation of the probe-beam polarization(ϕ). In order to
improve the signal-to-noise ratio, we took the average of the signals obtained in each domain.
The obtained signals of the ellipticity for the domains L and R are different but the periodicity
of the signal is the same with respect to ϕ. This ϕ-dependence of the light ellipticity confirms
the dominant contribution of the CME.
The ϕ-dependence of the light ellipticity, shown in Fig. 3.2(b), is explained by the following
model. The CME is birefringence caused by the difference in the refraction index of the light
polarized parallel and perpendicular to the magnetization. This induces the phase difference
between beams with orthogonal polarizations, and results in the elliptically polarized light [80].
The electric field vector of the transmitted probe beam is written as
Eout = E0eiω
Nζ
c [e−iδ/2cosϕ0x + eiδ/2sinϕ0 z], (3.3.1.1)
where ω, c,N, ζ, δ, ϕ0 are the frequency of the transmitted light, the speed of light, the refraction
index, the optical path length, the retardation induced by CME, the relative angle between m⊥
and the polarization vector eϕ, respectively. By calculating the trajectory of the electric field
vector, we obtain the quadratic form with respect to the two electric field components along the
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Figure 3.2: (a). A static magneto-optical image for magnetic domains with different magneti-
zation orientations. The image was obtained with a probe beam with ϕ = 10 degrees. (b). The
probe-beam polarization dependence of the light ellipticity. Red(blue) filled circles represent
the data obtained from domain L(R) defined in Fig.2(a). The solid curves are the fitting results
for the ϕ-dependence of the light ellipticity obtained by using Eq.1








cosδ = sin2δ. (3.3.1.2)
The light ellipticity is defined as the ratio between the intensities of the electric field along two








· sign [sin2ϕ0] . (3.3.1.3)
The solid curves in Fig. 3.2(b) show least squares fitting for the light ellipticity with Eq. 3.3.1.3.
The dominant contribution of the CME in the obtained images is confirmed by the calculated
curves, showing good agreement with the experimental data. When eϕ+π directs towards the
x-axis (ϕ =90 deg.), the light ellipticity of the domain L takes its minimum, while that of
the domain R takes maximum. Therefore, two curves overlap when either of them deviates
from 90 degrees, which reveals that the directions of magnetization in the domains L and R
are normal to each other. MCD originates from the difference in the absorption of left- and
right- circularly polarized light. Since any linearly polarized light can be decomposed into
left- and right- circularly polarized light with different relative phase shift, MCD gives a same
ellipticity for the incident light with different polarizations. The clear incident-polarization
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Figure 3.3: (a). Time-resolved magneto-optical images obtained by the probe beams with dif-
ferent polarization angles ϕ. (ϕ=72, 49, -16 degrees in the top, middle and bottom panel, re-
spectively.) The color indicates the value of the ellipticity defined in the color code. The center
part of each image is hidden to improve visibility. (b). The ϕ-dependence of ellipticity at the
point P defined in Fig. 3(a). The solid curve is a fitting result for the data. (c). A time-resolved
magneto-optical image observed through the Faraday effect. (d). A spin-wave tomography
spectrum obtained from the spatio-temporally-resolved images. To improve signal-to-noise ra-
tio, the spectrum was averaged over 0 ≤ ϑ < 360 degrees. A white dotted line represents linear
dispersion of the longitudinal mode of elastic waves with the velocity of 6.5 km/s.
angle dependence of the ellipticity demonstrates that the observed ellipticity is owing to the
Cotton-Mouton effect.
3.3.2 Time-resolved imaging
Next, we show the spatio-temporal images of optically-excited magnetization dynamics. Fig-
ure 3.3(a) shows the images obtained at the time delay of 5.6 ns with different probe-beam
polarization, indicated by the red arrows in each panel. We define ϑ as the clockwise angle
from z-axis, as shown in Fig. 3.3(a). We notice that these signals exhibit two-fold rotational
symmetry and their magnitude is zero along eϕ or along its normal. This is clear indication that
we observe a wavefront of magneto-elastic waves via the Cotton-Mouton effect. In the case of
Faraday effect, the magnitude and sign of the polarization angle would not depend on ϑ because
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magnetization component parallel to the light axis has the same sign and magnitude in every ϑ.
The contribution of CME was confirmed again by the clear ϕ-dependence of the signal.
Figure 3.3(b) shows the ϕ-dependence of the light ellipticity at the point P (ϑ = 40 deg.). The
data are well consistent with Eq. 3.3.1.3, which demonstrates that the obtained data corresponds
to the in-plane precession component of M (m⊥) in the OP magnetized film. This analysis also
clarifies that MCD, independent of the polarization angle of the incident light, is negligibly
small in these experiments. In addition, we could not see any waves in the Faraday rotation
image, reflecting the change in the magnetization in OP orientation as shown in Fig.3.3(c).
This reveals that the change in m// is negligibly small in the experiments.
The signal observed through CME is attributed to the change in m⊥ induced by the magneto-
elastic coupling. In Fig. 3.3(d), we show a spin-wave tomography [27] spectrum, which reflects
magnetization dynamics defined as
mi(k, ω) = χRi j(k, ω)H j(k, ω), (3.3.2.1)
where mi(k, ω) = F [mi(r, t)], χRi j(k, ω) = F [χRi j(r, t)], H j(k, ω) = F [H j(r, t)] are a magnetiza-
tion, a retarded susceptibility tensor, and an effective magnetic field acting on local magnetiza-
tion, respectively, with F denoting the Fourier transform. k and ω are the wavevector and the
frequency of the observed waves, respectively. The retarded susceptibility tensor χRi j(k, ω) re-
flects the spin-wave dispersion. The vector index i represents the in-plane component (i = x, z)
because CME is sensitive to m⊥. In Fig. 3.3(d), we can see a spectral peak along the dashed
line, representing the velocity of the wave ω/k ≃6.5 km/s. This velocity is consistent with
that of the longitudinal mode of magneto-elastic waves in Bi-doped LuIG [27]. Therefore, we
attribute the peak showing the linear dispersion in the spectrum to magneto-elastic waves.
As shown in Fig. 3.3(a), the observed signal exhibits strong angular dependence. The spatial
symmetry of the signal is explained in terms of the magneto-elastic coupling. The consequent
change in the radial and azimuth orientation components of the magnetization (∆m⊥r and ∆m⊥ϕ)
with infinitesimal time ∆t can be obtained from an equation of motion of lattice and spin systems
with magneto-elastic coupling. This equation of motion is formulated from a summation of
free energy of spin waves, elastic waves, and magneto-elastic coupling. Starting from the free
energy, one can obtain a effective magnetic field applied to magnetization. The analysis on
magnetization dynamics under the effective field leads to the response of magnetization in a
infinitesimal time scale.
∆m⊥r and ∆m⊥ϕ are written as




,where γ, λ, k, M0, ρ0, ur, δθ are the gyromagnetic ratio, the volume-magnetostriction constant,
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wavenumber, saturation magnetization, mass density, the lattice displacement in the radial ori-
entation, small deviation angle between the surface normal and the light axis, respectively. m⊥
on the wavefront of the longitudinal mode of magneto-elastic waves is perpendicular to its
wavevector. The obtained orientation of m⊥ together with the polarization angle dependence
of the CME explains the disappearance of the signal along eϕ and its normal. In this direction,
the ellipticity of light becomes zero, because m⊥ is perpendicular(parallel) to eϕ along eϕ(its
normal). The two-fold rotational symmetry of the signal is consistent with the π-periodicity of
Eq. 3.3.1.3.
3.4 Magnetic field dependence of excitation intensity of magneto-
elastic waves
In this section, we discuss the magnetic field dependence of the signal so that we conclude
that the obseved signal is owing to the magnetization dynamics. In order to confirm that the
signal is not owing to pure elastic waves but to coupled magneto-elastic waves, in Fig. 3.4(a),
we show spin-wave tomography spectra at different magnetic fields. We found strong magnetic
field dependence in the spectrum, showing magnetic nature in the signal.
Figure 3.4(b) shows the integrated intensity of the SWaT spectrum shown in Figs. 3.4(a)
satisfying k < 1.0 × 104 (rad/cm) along the linear dispersion relation. The signal near k =
0(k < 1.4 × 103(rad/cm)), reflecting the background noise of the images, was excluded. The
integrated intensity decreases with external magnetic field. The precession amplitude along the
longitudinal mode of magneto-elastic waves is calculated by solving equations of motion for












where ω, ωs, λ44, ur(k) are the frequency of the longitudinal mode of magneto-elastic waves,
the frequency of spin waves, the shear-magnetostriction constant, k-dependent amplitude of
elastic wave, respectively. In Fig. 3.4(c), we plot Im at different magnetic fields assuming that
ur(k) is a gaussian function [67]. Im becomes zero at k = 0. This is because, at k → 0
limit, magneto-elastic coupling zero because there are no strain in the material. The peak of
Im at around 0.4 ×104 rad/cm is the result of balance between magneto-elastic coupling which
is linearly proportional to k and phonon excitation intensity which follows gaussian function.
The peak intensity of the plot decreases with magnetic field due to the increasing differences
in the frequency of spin waves and elastic waves. As the intensity is a product of magnetic
response function and phonon excitation intensity, signal is present where both the magnetic
response function and phonon intensity have a non-zero value. For magnetic response, the
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Figure 3.4: (a). Spin-wave tomography spectra obtained at different magnetic fields. (b). In-
tensity of magneto-elastic waves integrated along the line satisfying ω = vLk, where vL is
the phase velocity of longitudinal elastic waves. (c). Precession amplitude factor Im obtained




response function peaks at dispersion relation of spin waves, which is high above the observed
frequency range in this measurement; observed signal is owing to the tail of response function
of spin waves. Therefore, as the magnetic field increases, the spectral intensity decreases as the
the response function decreases. The solid curve in Fig. 3.4(b) shows field dependence of the
integrated precession amplitude obtained from Eq. 3.4.0.1. The clear magnetic field dependence
of the signal intensity and the agreement with the theory confirms that the signal originates not
from pure elastic waves but from the longitudinal mode of magneto-elastic waves.
The Spin-wave tomography spectrum indicates the laser irradiation excites longitudinal
modes predominantly, and the amplitude of transverse modes is negligible. This is because
SWaT has a excitation spectrum defined by a Fourier transform of shape of focus in a real
space. In the case of point excitation, the intensity distribution of a pump beam becomes two-
dimensional gaussian function, whose Fourier transform is also gaussian function in spectrum
space. The excitation intensity in spectrum space becomes strong at k0 and it monotonically de-
crease as k increases. Since the crossing between transverse mode and spin waves has a larger
k value compared with the crossing between longitudinal mode and pin waves, the excitation
intensity of the transverse mode is less than longitudinal mode.
3.5 Summary
In summary, we performed time-resolved magneto-optical imaging of the in-plane components
of magnetization in a Bi-doped garnet film through the Cotton-Mouton effect (CME). The CME
was observed by a rotation analyzer method using a quarter-wave plate which converts light el-
lipticity into a rotation angle reflecting the ellipticity of the transmitted light. We carried out
static magneto-optical imaging of magnetic domains separated by a 90-degree domain wall in
an in-plane magnetized film and time-resolved magneto-optical imaging for optically-excited
magnetization dynamics in an out-of-plane magnetized film. We observed propagation dynam-
ics of stress-driven magneto-elastic waves in an out-of-plane magnetized film, taking advantage
of CME.
The results reported in this Chapter have been published in the following journal.
• T. Hioki, Y. Hashimoto, T. H. Johansen, and E. Saitoh, ”Time-resolved Imaging of




Snell’s law for spin waves at a
90◦magnetic domain wall
In this chapter, we introduce abnormal refraction of spin waves hybridized with elastic waves
at a 90◦-degrees magnetic domain wall. Time-resolved magneto-optical imaging was used to
observe the propagation dynamics of magnetostatic spin waves. Due to the magnetization rota-
tion across such a DW, the dispersion relation of magnetostatic spin waves rotates by 90◦. This
results in a change in the propagation dynamics of spin waves on both sides of the DW. We
observed the refraction and reflection of magnetostatic spin waves at the DW and reveal their
characteristics that include negative refraction. The incident-angle dependence of the refraction
angle is explained by the wavenumber conservation along the DW, quite similar to the case of
Snell’s law for light.
4.1 Reflection and refraction law of spin waves
The relation of the angles between incident and refracted electromagnetic waves is called Snell’s
law. In the field of magnonics, where the propagation of spin waves plays a main role for data
processing and information transfer, the reflection and refraction of spin waves are important
because they enable manipulation of their phase and propagation direction [21, 70]. Refraction
occurs due to a difference in the phase velocity in the two different media, and is characterized
by a dispersion relation. Spin waves in the small wavenumber regime (magnetostatic spin
waves) have an anisotropic dispersion relation due to the anisotropic nature of the magnetic
dipole interaction. Therefore, the phase velocity of magnetostatic waves depends on the angle
θk between the magnetization M and the wavevector k.
In recent years, the interplay between a magnetic domain wall (DW) and spin waves has
been investigated, and expanded the use of a DW for various applications in magnonics, e.g.,
serving a channel for spin waves or forming periodic magnetic boundaries for magnonic crys-
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Figure 4.1: (a). Schematic illustartion of sample configuration. Spin waves are excited by
illuminating the sample by the focused pump beam near a 90-degree domain wall. The angle
of the incident, reflected, and refracted spin waves by the domain wall are referred to θinc, θrefr,
and θrefl, respectively. (b). Schematic illustration of the time-resolved magneto-optical imaging.
Faraday rotation angle of the transmitted probe beam is measured with the rotation analyzer
method combined with a CCD camera.
tals [72, 72, 81–86]. The width of a DW, typically being on the order of the crystal lattice
spacing, is smaller than the wavelength of magnetostatic spin waves in thin films, which is sub-
to several micrometers [87]. Therefore, a DW can act as an abrupt magnetic boundary for spin
waves to see reflection and refraction of spin waves. A previous work in micromagnetic sim-
ulation reports that the anisotropy in dispersion relation of dipole-exchange spin waves leads
the anomaly in the refraction compared to that in usual optics. Although the anisotropy appears
prominently in magnetostatic region, investigation on refraction and reflection dynamics of pure
magnetostatic spin waves at domain wall has yet to be done thoroughly.
In the present work, we report on experimental observations of the refraction and reflection
of magnetostatic spin waves by a 90-degree DW in a ferrite garnet film (FGF). At such a domain
wall, the dispersion relation of magnetostatic spin waves rotates in-plane by 90 degrees because
in-plane orientation of M determines the axis of symmetry for a dispersion relation [87]. The
direct observation of the magnetostatic spin waves by time-resolved magneto-optical imaging,
and subsequent analysis of the observed images, reveals the refraction law of magnetostatic
spin waves at a 90-degree DW. In ordinary refraction between two different media with positive
refraction indices, the refracted wave forms a positive refraction angle. Above a certain incident
angle, we find that the refracted spin waves forms a negative refraction angle, having a wavevec-
tor directed backwards along the DW. This behavior is similar to having a negative refraction
index, i.e., refraction between media with refraction indices of opposite signs [88, 89].
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4.2 Spin-wave refraction and reflection at a magnetic domain wall
In this work we used a 3-µm thick Bi-substituted ferrite garnet film with the composition
Bi0.7Lu2.3Fe4.2Ga0.8O12 (LuIG) [57, 58]. This sample is a ferrimagnetic insulator having an
in-plane spontaneous magnetization (Ms = 62.7 kA/m) due to the negative uniaxial anisotropy
along the direction normal to the sample surface (Ku = −96 J/m−3) [27]. In the absence of an
external magnetic field, the Neel-type 90-degree domain wall (DW) is formed. This DW can
be pinned by the crystallographic defects in the sample. In our experiment, no magnetic field
is applied so that DW is formed in the sample. The formation of magnetic domains has been
confirmed by using the Cotton-Mouton effect (CME) [29]. The width of the DW, δ, is estimated
to be 400 nm using the relation δ = π
√
A/Kc, where A = 3.7 pJ/m is the exchange coupling con-
stant, and Kc = 1.8 J/m3 is the cubic anisotropy of the sample. In our experiments, spin waves
are excited by illuminating the sample with a 800 nm laser pulse (pump beam). The excitation
and propagation dynamics of spin waves are observed using a time-resolved magneto-optical
imaging system based on the pump-and-probe technique, and a rotation analyzer method using
a CCD camera [28]. This setup measures the Faraday rotation angle of the transmitted light
from a pulsed laser with the wavelength of 630 nm (probe beam). By taking the difference
between the images recorded with and without the pump beam illumination, we find the spa-
tiotemporal magnetization change along the sample depth direction excited by the pump beam.
The observed spin waves are analyzed with a model based on Fourier transform, called the
spin-wave tomography (SWaT) [27].
In order to investigate the interplay between a DW and propagating spin waves, we used
planar propagating spin waves generated by the illumination of a pump beam. In these experi-
ments, spin waves were generated by the optically-excited elastic waves through magnetoelastic
coupling (MEC) [25]. The amplitude of spin waves excited via MEC is resonantly enhanced
at the crossing of the dispersion curves of spin waves and elastic waves. This determines the
wavenumber and frequency of the dominant spin wave propagation [59]. In the experiment,
we chose the wavevector of elastic waves by using a slit, making the focus of the pump beam
elliptical. As a result, almost planar spin waves with very narrow k and ω distributions are
obtained.
In Fig. 4.2(a), we show the 90-degree DW observed by the Cotton-Mouton effect (CME).
CME refers to a magnetic birefringence effect which induces light ellipticity to the transmitted
light by the phase difference between S and P polarized light. Two magnetic domains (MDs)
separated by a DW are clearly observed. We here name these domains MD1 and MD2, as
defined in Fig. 4.2(a). The orientation of magnetization is determined by CME observed as a
function of the polarization angle of the incident probe beam [Fig. 4.2(b)]. The light ellipticity
obtained in MD1 and MD2 shows almost equal magnitudes, and opposite signs, implying that
the magnetization orientations in MD1 and MD2 are orthogonal.
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Figure 4.2: (a). Static magneto-optical image obtained through the Cotton-Mouton effect which
reveals the in-plane orientation of the magnetization. (b). The light ellipticity of the transmit-
ted probe beam, reflecting the in-plane magnetization through the Cotton-Mouton effect, as a
function of its polarization angle. The blue and red filled circles are obtained in MD1 and
MD2, respectively. Solid line is the calculated polarization dependence for each domains [29].
(c). Magneto-optical images obtained at different time delay between pump beam and probe
beam. The white arrow in the panels indicate the wavevector of the incident spin waves. The
vertical dashed line indicates the position of the DW.
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Next, we consider the spin wave propagation across the DW. These waves are excited by
illuminating the sample with a pump beam in MD1. The propagation dynamics of the spin
waves are shown in Fig. 4.2(c). In MD1, the spin waves propagate with the wave vector kin as
shown in the middle panel in Fig. 4.2(c). The propagation of spin waves is consistent with that
observed in a single domain sample. The spin waves propagate across the DW, and appears in
MD2. Interestingly, the wavevector of the transmitted spin waves is opposite to what is expected
for the ordinary refraction, as that of light at the interface between different media with positive
refraction indices. Indeed, the spin waves in MD2 represent negative refraction by the DW.
The change in the k of the spin waves at the DW is clearly seen also in the SWaT spectra.
In order to distinguish spin waves propagating in MD1 and MD2, we applied a time window,
given by a Gaussian function with the central time at tc and a width of 1.0 ns, when calculating
the SWaT spectra. Figure 4.3(a) shows a cross section of the obtained SWaT spectra at f =1.0
GHz with tc =2.5 ns, and 9.5 ns, respectively. The upper panel with tc =2.5 ns shows the
spin-wave spectrum in wavenumber space before the incidence to the DW, while the lower
panel with tc =9.5ns shows the spectrum after the incidence. In the top panel of Fig. 4.3(a),
one sees a single strong peak representing the spin waves excited by the pump beam. On the
other hand, in the bottom panel of Fig. 4.3(a), one sees two peaks at different k values. These
two peaks are attributed to spin waves reflected and refracted by the 90-degree DW. In order to
confirm the conservation of wavevector along the DW (ky) and frequency among the incident,
refracted, and reflected waves, we show the integrated spectral intensity in Fig. 4.3(b). Here
one sees that the ky and the central frequency of these three waves are the same, thus satisfying
the presupposition to derive Snell’s law for spin waves at a 90-degree domain wall.
4.3 Incident angle dependence of spin-wave refraction at a mag-
netic domain wall
In the case of refraction of a light, the refraction angle is determined by the ratio of refraction
indices of two media. This is because the dispersion relation of a light is linear, and the ratio
of phase velocity can be written by a single parameter. In the case of isotropic material, dis-
persion relation is isotropic, and thus the iso-frequency contour of the dispersion relation of a
light becomes a circle in wavenumber space. Accroding to the iso-frequency contour shown
in Fig. 4.4(a), Snell’s law is essentially interpreted as a result of continuity of phase along the
boundary, namely conservation of y-component of wavevector at the boundary under the con-
strain condition of dispersion relation. Therefore, the Snell’s law for spin wave at 90◦ can be
modeled by considering the dispersion relation of spin waves. We model the Snell’s law at
90-degrees magnetic domain wall by the extension of the discussion on the Snell’s law in a
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Figure 4.3: (a). The SWaT spectra at f = 1.0 GHz obtained by filtering the time range of 2.0
ns to 3.0 ns (top panel) and 9.0 ns to 10.0 ns (bottom panel). The single peak of the incident
spin waves are split into reflected and refracted spin waves after the incidence onto the DW.
(b). The left panel shows the integration of the SWaT spactra with respect to x component of
wavevectors. Integration around the peak representing incident, refracted, and reflected spin
waves are shown by filled blue, red and black circles. The right panel shows the integrated the
SWaT spectra over k for different frequencies. The quadrant including the peak of incident,
refracted, and reflected spin waves are used to obtain each spectra. The gray solid line is the
eyeguide in the both panels.
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Figure 4.4: (a). The red and blue lines represent the iso-frequency contour of dispersion relation
of a light in different media with refraction index of n1 and n2, respectively. (b). A schematic
of incident, reflected, and refracted light in a real space.














where H, Ms, and d, are the external magnetic field, saturation magnetization, sample thickness,
respectively. This formula for spin wave dispersion is obtained by ignoring exchange interaction
and by taking long wavelength limit in the formalism by B. A. Kalinikos with a Green’s function
method [33]. The contour of dispersion relation at 1.0 GHz in MD1 is shown in Fig. 4.5(a) by
blue solid lines. Since the orientation of the magnetization in MD2 is rotated by 90 degrees
compared to MD1, the dispersion relation in MD2 also rotates by 90 degrees compared to that
in MD1 as shown in Fig. 4.5(a) by red solid lines.
The experimentally determined relation between the incident angle (θin) and refraction angle
(θrefr) at the DW is compared with our model calculation in Fig. 4.5(b).
The θrefr increases rapidly for θin in the region satisfying θin > 0, while it slowly changes
for θin < 0. The ky and frequency conservation before and after the incidence onto a DW leads
to the solid red line in Fig. 4.5(b), which shows agreement with the experimental data. Above
the angle θc(= 20.4 degrees), θrefr surpasses 90 degrees. This means that the refracted waves
propagate towards the inverse direction as compared to that in ordinary refraction between
materials with positive refraction indices. Thus, the spin waves show negative refraction
This unusual refraction of spin waves originates from the anisotropy of the dispersion re-
lation, and the consequent difference in the direction of the wavevector and group velocity.
The relation between wavevectors of incident and refracted waves is schematically illustrated
in Figs. 4.5(c) and (d). In the case of θin < θc, the refracted wave has negative kx and ky as seen
in the left panel of the Fig. 4.5(c). The incident and refracted waves are chosen to propagates
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towards left, considering the group velocity shown by a black arrows. In this case, both θin and
θrefr are less than 90 degrees, therefore, negative refraction does not occur as shown in the right
panel of the Fig. 4.5(c).
In the case of θin > θc, as shown in the left panel of Fig. 4.5(d), the refracted wave goes
across the ky axis and carries positive kx. At this point, the θrefr surpasses 90 degrees. Although
the wavevector of refracted spin waves directs towards MD1, the refracted wave propagates
into MD2, because the group velocity of refracted waves still direct towards left. Therefore, the
negative refraction of spin waves emerges in this case.
The discussion on the anisotropic dispersion relation and group velocity leads information
on the transmission coefficient as well. One of the essentials for the observed refraction is
the fact that direction of group velocity and wavevector is different. When spin waves inci-
dent with the incident angle of 45 degrees, the group velocity and wavevector are parallel due
to the symmetry of contour of spin-wave dispersion relation. In this case, when the incident
wavevector is taken so that the wave propagates towards left, the refracted wave has the group
velocity towards right, leading no transmission of spin waves. This discussion can be confirmed
from the continuity condition imposed to magnetic field around DW, just as the derivation of
Fresnel’s law for the light, however it is out of focus for current work. Note that in our ex-
periments, precise estimation of reflectivity and transmittance of spin waves is difficult because
we observe transient state of spin-wave propagation, and thus the amplitude changes during the
measurement time.
Note also that the spin wave ray, which represents the energy flow due to spin waves, shows
negative refraction in both cases because refracted spin waves have opposite sign of y compo-
nent of the group velocity compared to the incident spin waves. The case of θin > θc is special
in that both wavevector and group velocity demonstrate negative refraction. In the region sat-
isfying θin < 0, negative refraction is not realized, because the refracted state is limited to the
region with negative kx. Let us also note that our model does not consider the contribution of
MEC at the DW. Their negligible contributions in the reflection and refraction of spin waves are
implied by the agreement of our model with the experimental data. This is reasonable since the
energy scale of MEC is small compared to the energy of magnetostatic spin waves.
4.4 Summary
In summary, we have observed Snell’s law and negative refraction of spin waves at a 90-degree
magnetic domain wall in a magnetic garnet film. We observed propagation of spin waves cross-
ing a 90-degree domain wall. The relation between refraction and incident angle is modeled by
considering the anisotropic dispersion relation of spin waves in the magnetostatic regime, and
the wavenumber conservation of spin waves along the DW. The present results pave a way for
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Figure 4.5: (a). The red and blue lines represent the contour of spin-wave dispersion at 1.0 GHz
in MD1 and MD2, respectively. (b). The experimentally obtained refracted angle as a function
of incident angle is plotted by filled circles. Solid line shows the relation between refraction
angle and incident angle with the model based on Eq. 4.3.0.1. (c). Relation between incident,
refracted and reflected wave in wavenumber space and real space for θin < θc, (d). Relation
between incident, refracted and reflected wave in wavenumber space and real space for θin > θc.
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The results reported in this Chapter have been published in the following journal.
• T. Hioki, R. Tsuboi, T. H. Johansen, Y. Hashimoto, and E. Saitoh, ”Snell’s law for spin
waves at a 90-degree domain wall”, Appl. Phys. Lett., 116, 112402 (2020).
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Chapter 5
Bi-reflection of spin waves due to
magneto-elastic mode conversion
In this chapter, we introduce magneto-elastic hybridization as a tool to expand the degree of
freedom in spin waves. Spin wave is a collective precession motion of magnetization in a ma-
terial, whose amplitude is parametrized by a precession angle. In the case of ferromagnets,
the magnitude of saturation magnetization is fixed below the Curie temperature, and thus the
degree of freedom in spin waves is limited to the precession angle. With the exception of thick-
ness mode in a thin magnetic film, a spin wave has no mode degree of freedom due to this
nature of precession. On the other hand, elastic waves in a material have a three-mode degree
of freedom due to its three-dimensional nature of lattice displacements. In a bulk material, there
are two transverse modes and one longitudinal mode. In the presence of magneto-elastic cou-
pling, a spin wave hybridizes with an elastic wave, leading to form magneto-elastic waves. The
magneto-elastic coupling has been investigated for enhancement of thermoelectric conversion
via spin current and spin current generation by using a microwave; however, the effect on the
mode degree of freedom has yet to be known. Here, we demonstrated a new reflection phe-
nomenon only seen in spin waves hybridized with elastic waves: bi-reflection of spin waves.
The observation of bi-reflection is direct proof that the mode degree of freedom of elastic waves
is transferred to spin waves via the magneto-elastic coupling. We used a time-resolved magneto-
optical imaging method combined with numerical calculation and analysis to demonstrate the
effect of mode degree of freedom on spin-wave dynamics.
5.1 Birefringence of a light and mode degree of freedom of a spin
wave
In an optically anisotropic medium, the velocity of a wave of light is different depending on its
polarization [90]. Owing to the difference in velocity, there are two independent propagation
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isotropic material






Figure 5.1: (a). A schematic of birefringence of a light. The transmitted light splits into two
depending on the light polarization in the anisotropic material. (b). A schematic of reflection
of a light. The light is totally reflected back at a boundary between materials when the incident
angle is above the critical angle. (c). A schematic of bi-reflection of spin waves. Spin waves, a
collective wavy motion of electron spin in a magnetic material, splits into two rays when spin
and elastic waves are hybridized.
modes of a light in the medium: an ordinary ray and extraordinary ray. When a light enters
into such an anisotropic medium from an isotropic medium, a refracted light splits into two
rays depending on the polarization (Fig. 5.1a). In the case of reflection, however, a reflected
light forms the same reflection angle as the incident angle; a single ray of a light reflects back,
because the polarization of a light is kept the same during reflection (Fig. 5.1b). In some highly
anisotropic media such as CdWO4, internal reflection could split into several rays, however,
there no chance for isotropic material to show such a muti-reflection [91, 92].
In a magnetic material, a collective motion of electron spins forms a wave which transfers
energy and spin angular momentum: a spin wave [36, 93, 94]. Just as the light, a spin wave
refracts and reflects at a boundary of a magnetic material [21, 30, 72, 95–100]. A pure spin
wave has no polarization degree of freedom unless it couples with an elastic wave. A spin wave
hybridizes with an elastic wave via magneto-elastic coupling, and inherit a mode degree of
freedom when the frequency and wavelength of a spin wave are matched with that of an elastic
wave [25, 26, 50, 51, 54, 101–103]. An elastic wave has a longitudinal and transverse mode,
which have different velocities [45]. For pure elastic waves, two propagation modes convert to
each other when translational symmetry is broken down (e.g. at a sample edge) because the two
modes are no longer eigenstates. This conversion is called the elastic mode conversion [104].
As a result of the elastic mode conversion, when a single-mode elastic wave enters into a sample
edge, a reflected wave splits into two different modes: bi-reflection of elastic waves.
Here we report the observation of bi-reflection of spin waves as a result of hybridization
with an elastic wave (Fig. 5.1c). By using time-resolved magneto-optical (TRMO) microscopy,




















Figure 5.2: (a). Integrated spectrum of electron spin resonance at different in-plane angles.
(b). Experimental data of the FMR magnetic field and fitting. The horizontal axis ϕH is defined




We used Lu2Bi1Fe3.4Ga1.6O12 grown on a [001] plane of a gadolinium gallium garnet (GGG)
substrate by liquid phase epitaxy. Lu2Bi1Fe3.4Ga1.6O12 is known to exhibit a large magneto-
optical effect due to the Bi substitution [57, 58]. This material is generally used for a magneto-
optical imaging sensor, which visualizes the spatial distribution of magnetic field intensity.
Since this material is different from what we have used in the previous two chapters, we per-
formed characterization measurements for anisotropy.
We measured the magnetic anisotropy by measuring the angular dependence of ferromag-
netic resonance. For a thin magnetic film, the magnetic field for ferromagnetic resonance de-









gg′ + 4πMsg′ − (4πMs)2Ω2FMR
]]
(5.2.1.1)
, where Heff = g+g′+4πMs g = 2Kc/(4πMs)cos(4ϕH), g′ = −Kc/(4πMs)sin(2ϕH)2+2Kc/(4πMs)−
2Ku/(4πMs)+Ms Figure 5.2 shows the angular measurement of ferromagnetic resonance of the
material. By fitting with the formula mentioned above, we got a cubic magnetic anisotropy
Kc and unidirectional magnetic anisotropy Ku as fitting parameters. The result shows that the
magnetic anisotropy of the material is Kc = 6.637 × 102(GOe) and Ku = −7.056 × 103(GOe).




























Figure 5.3: (a). Raue diffraction pattern obtained from the LuIG sample for bi-reflection mea-
surement. (b). A sample picture under Raue diffraction measurement. (c). A schematic of
magnetization configuration in the sample.
with a GGG (Gd3Ga5O12) substrate. The crystallographic orientation of the sample edge was
evaluated by a Raue diffraction measurement so that the relation between the magnetic cubic
anisotropy axis and the edge of the sample becomes clear. Figure 5.4(a) show the result of
Raue measurement. A red line in the diffraction pattern indicates the lattice points in [100]
crystal zone, which is the orientation of (100) axis. The angle between the vertical axis in
the observation setup is 29 degrees. In Figure 5.4(b), we show the sample picture under the
measurement setup. The edge to reflect spin wave forms an angle between the vertical axis by
12 degrees. Therefore, as illustrated in the Fig.5.3(c), relative magnetization forms a 17◦ in the
sample when it is magnetized in-plane.
At the magnetic field of 1350 Oe, the magnetization is nearly saturated. The polar angle
of the magnetization is 0.5 degrees, which was determined by static Faraday rotation mea-
surement. This small tilt of the magnetization allows us to observe spin wave propagation by
magneto-optical Faraday effects in an OP-magnetized film. In the IP -magnetized sample, due
to magnetocrystalline anisotropy, the magnetization form an angle, ϕ, between the sample edge
(//y) by 17 degrees as shown in Fig.5.3(c). We take the z−axis as a sample surface normal and
x−axis as a normal to the sample edge.
5.2.2 Magneto-optical imaging
Direct observation of spin-wave reflection dynamics was enabled by means of the TRMO mi-
croscopy, which makes it possible to visualize the spin orientation at different positions with
high spatial resolution and picosecond time resolution (Fig. 5.4a) [27, 28]. We used a 100
fs-duration pulsed light source with the central wavelength of 800 nm and 1 kHz repetition fre-
quency. The beam was split into pump and probe beams. The central wavelength of the probe
beam was tuned to 630 nm with an optical parametric amplifier. The pump beam was linearly
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Figure 5.4: (a). Measurement setup for time-resolved magneto-optical imaging of bi-reflection
of spin waves. (b). Measurement configuration of the sample. A pump beam focus is shaped
into an ellipse in order to control the propagation direction.
polarized along the y-axis with a Glan-Taylor prism and focused on the sample surface with a
length of 25 µm and a width of 3 µm through a metallic slit. By using the slit, the transmitted
beam and thus the focus is shaped into an ellipse, which determines the direction of propaga-
tion of spin waves. The transmitted probe beam was expanded with an objective lens with the
magnification of ×40 and then introduced to a MO imaging system. In this setup, obtained
images reflect the rotation angle of the transmitted probe beam. We measured spin-wave prop-
agation dynamics in a ferrimagnetic garnet (Lu2Bi1Fe3.4Ga1.6O12) film. To observe reflection
of spin waves, the propagation direction of a spin wave is determined by shaping the focus of
the pump beam into an ellipse [64, 67]. During the measurement, an external magnetic field
is applied along z-direction to control the magnetization orientation between the out-of-plane
(OP) and in-plane (IP) orientation. All the measurements were performed at room temperature
and atmospheric pressure.
5.3 Magneto-optical imaging of bi-reflection of spin waves
Figure 5.5a shows the TRMO images obtained from an OP-magnetized sample under H = 1.35
kOe at different time delay after the laser excitation. By the incidence of the pump beam,
spin waves are excited through photo-induced demagnetization and photo-excited elastic waves
[68,76–79,105]. Due to the elliptic shape of the pump beam focus, the propagation direction of
the excited spin waves is controlled towards the left top direction in the image. In these images,
we clearly see the propagation of a plane spin wave excited by the pulse laser. Surprisingly we
found that the reflected wave splits into two waves, showing the bi-reflection of spin waves. The
wavevectors of the split waves are referred to as k1 and k2, respectively in Fig. 5.5(a). While k1
mode has the reflection angle the same as the incident angle, k2 mode has a much less reflection
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t = 12 ns t = 18 ns t = 24 ns
(a)
(b)
Figure 5.5: (a). Reflection dynamics of spin waves obtained from the out-of-plane magnetized
film at the time delay of 12 ns in a(left panel), 18 ns (middle panel), and 24 ns (right panel).
The excited spin wave reflects at the sample edge and splits into two waves with different
wavevectors k1 and k2. (b). Reflection dynamics of spin waves obtained from the in-plane
magnetized film at the time delay of 12 ns in a(left panel), 18 ns (middle panel), and 24 ns
(right panel).
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angle. k2 mode also has a shorter wavelength compared with the incident wave and k1 mode,
meaning that k2 mode is owing to an extraordinary reflection of spin waves.
In order to confirm this bi-reflection of spin waves is associated with magnetization dynam-
ics, we measured magnetic field dependence. Figure 5.5b shows the TRMO images obtained
from an IP-magnetized sample under H = 300 Oe at different time delay after the laser excita-
tion. The reflected wave remains a single mode contrary to the result of OP-magnetized film.
This clearly indicates the bi-reflection of spin wave is the result of magnetization dynamics,
apart from the dynamics of pure elastic waves.
5.4 SWaT analysis of bi-reflection of spin waves
5.4.1 Magnetization orientation dependence of bi-reflection of spin waves
The observed bi-reflection of spin waves is consistent with the expected property for bi-reflection.
Due to the continuity of spin-wave amplitude at a boundary, the wavevector component along
the sample edge should be kept the same during reflection. The wavevector of reflected spin
waves is analyzed by using spin wave tomography (SWaT [27]), which obtains spin-wave am-
plitude in the wavevector-frequency space based on the Fourier analysis at an arbitrary time
range [27, 68].
Time-dependent spectrum analysis was performed via the Fourier transform under the ap-
plication of the weight function w = Ae−(t−tc)
2/(2∆2) to the time-dependent data to extract the
data obtained in a finite time range. The full-width-half-maximum of the weight function 2∆
was chosen to 10 ns for all the data analysis.
Figure 5.6a shows a cross-sectional view of the SWaT spectra on the isofrequency plane of
f = 1.53 GHz obtained from an OP-magnetized film. Before the incidence to the boundary, we
see a single spectral peak corresponding to the incident wave (Fig. 5.6a). On the other hand, two
distinctive spectral peaks appear after the incidence, corresponding to the k1 and k2 mode in
the real space images. Two reflected spin waves possess the same y-component of wavevector,
satisfying the continuity of the amplitude. The appearance of two peaks are also confirmed in
Fig. 5.6b, which shows a line plot of the SWaT spectral intensity along the iso-wavenumber line
shown by the white dashed line in Fig. 5.6a (ky = 1.18 × 104 rad/cm).
In order to rule out bi-reflection of pure elastic waves, we measured the magnetic field
dependence of the observed bi-reflection. We applied an external field of H = 0.3 kOe so that
the magnetization lies along the IP orientation. The bi-reflection of spin waves is not observed
in the IP-magnetized film, as shown in the SWaT spectra (Fig. 5.6c). Each SWaT spectrum
in Fig. 5.6c shows a single peak both before and after the incidence. The incident angle and
reflected angle are found to be the same, meaning the absence of the extraordinary reflection in
the IP-magnetized film. The disappearance of the bi-reflection and single-peak feature can also
be seen on a line plot of spectral intensity shown in Fig. 5.6(d).
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In the case of OP-magnetized film, the dispersion relation is isotropic and thus the frequency
of incident and reflected k1, k2 mode are close to each other. In Fig. 5.6e, we show the colormap
plot of a dispersion relation of spin waves in a OP-magnetized film. This is calculated by
using an extension of C. E. Patton’s method for calculating dispersion relation in magneto-static
region. The method has been applicable for the sample with anisotropy magnetized out-of-plane
or in-plane, however, it was not extended to calculate dispersion for the sample with arbitrary
magnetization orientation (See Appendix). The frequency difference between k1 and k2 mode is
10MHz, which is smaller than the frequency resolution of the current TRMO setup (˜80 MHz).
On the other hand, in the case of in-plane magnetized film, the spin wave dispersion relation
becomes highly anisotropic due to dipole interaction, and the frequency difference between k1
and k2 modes becomes large. Therefore, the disappearance of the bi-reflection is attributed to
a large frequency difference between the incident and reflected states. In the case of an IP-
magnetized film, the incident wave kin and k2 mode have frequency difference greater than 200
MHz. As a result, the transfer between the incident wave and k2 mode should be suppressed.
We confirmed that the bi-reflection of spin waves is associated with the coupling between
spin waves and elastic waves by comparing the SWaT spectra with the calculated dispersion
relation, an energy-momentum relation, of elastic and spin waves. Figure 5.7a shows the SWaT
spectra for the incident and reflected wave as a function of frequency and wavenumber. The
white dashed lines represent dispersion relation of spin waves (SW), longitudinal (LA) and
transverse (TA) modes of elastic waves. Strong peak appears near the dispersion crossing be-
tween elastic waves and spin waves, where magneto-elastic coupling leads to hybridization of
the two waves. For the incident wave and k1 mode, strong specrtral peak appears at the cross-
ing between the longitudinal elastic waves and spin waves. On the other hand, for the reflected
k2 mode, the intensity is strong around the crossings between the transverse elastic waves and
spin waves. It convincingly prove that the k2 mode appears due to the conversion from the
longitudinal mode into the transverse mode.
5.5 Experimental confirmation of avoided crossing due to magneto-
elastic coupling
In order to confirm hybridization of spin waves with elastic waves, we examined the difference
between the phase velocity and group velocity of the excited spin waves. For pure elastic
waves, group and phase velocity is the same because of the linear dispersion relation, which is
6.50 km/s for the LA mode [27]. In the vicinity of the dispersion crossing between elastic and
spin waves, however, group and phase velocity differ to each other because of the anticrossing
of the dispersion relation [25, 48]. We estimated the group and phase velocity from the result
of magneto-optical imaging. The left panel of Fig. 5.8b shows the time evolution of a cross-
sectional view for the MO images along the incident wavevector kin. The colormap plot shows
80
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Figure 5.6: (a). Cross-sectional view of SWaT spectra at f =1.53 GHz obtained by analyzing the
series of images taken from the sample with OP-magnetization. The upper (lower) panel shows
the spectrum before (after) the incidence of a spin wave. White arrows indicate the wavevector
of incident and reflected wave. Spectrum peak is split into two after the incidence. (b). Spectrum
intensity as a function of kx at ky = 1.18× 104 (rad/cm) in OP-magnetized sample. The spectral
intensity has two peaks indicated by red inversed triangles. (c). Cross-sectional view of SWaT
spectra at f = 1.20 GHz obtained from the IP-magnetized sample. The upper (lower) panel
shows the spectrum before (after) the incidence of a spin wave. A single spectrum peak appears
before and after the incidence. (d). Spectrum intensity as a function of kx at ky = 1.00 × 104
(rad/cm) in IP-magnetized sample. Contrary to Fig. 3b, only the single peak appears. (e). Color
plot of frequency of the spin-wave dispersion relation in out-of-plane magnetized film. Black
dashed curves indicate the wavenumber where the spin waves and elastic waves are hybridized.
Black arrows represent wavevector of incident and reflected waves. (f). Color plot of frequency
of the spin-wave dispersion relation in in-plane magnetized film. Black dashed curves indicate
the wavenumber where the spin waves and elastic waves are hybridized. Black arrows represent
wavevector of incident and reflected waves.
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Figure 5.7: (a). SWaT spectra of incident, reflected k1 mode and reflected k2 mode as a function
of wavenumber and frequency. White dashed lines indicates the calculated dispersion relation
of spin waves (SW), longitudinal elastic waves (LA) and transverse elastic waves (TA). The
velocity of elastic waves are 6.6 km/s and 3.5 km/s respectively.
the iso-phase lines, and its slope reflects the phase velocity of the excited waves. The estimation
of the phase velocity was carried out by fitting the data points which were chosen by taking
maximum, at each time frames.
The group velocity of the excited wave is also estimated by a similar method. We performed
Hilbert transformation to each frame of magneto-optical images so that we could obtain the
spatial distribution of spin-wave amplitude. Hilbert transform is a method to obtain a π/2-
shifted signals from the original signal defined by the following formula.
H f (x) = f (x) ∗ 1
πx
(5.5.0.1)
, where ∗ describes convolution. This is derived as follows. Let us consider a spatially chang-
ing signal f (x) and its Fourier transform F(k). ±π/2-shift of the signal is interpreted in the
wavenumber domain as multiplication with the imaginary value ±i, thus,
H(k) =
−i for k > 0i for k < 0 (5.5.0.2)
The inverse Fourier transform of H(k) is 1πx .
1 This is simply calculated by using inverse Fourier
1The inverse Fourier transform of H(k) is obtained by using
G(k) =
−ie−σkfor k > 0ieσkfor k < 0 (5.5.0.3)
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transform of a ”half spectrum” as follows. Here, we define Z f (k) as the following:
Z f (k) = F(k) + sgn(k)F(k) (5.5.0.4)
Here, we decompose the inverse transform of Z f (k) as follows:





Z f (k)eikxdk = f (x) + ig(x) (5.5.0.5)
By the definition, we know f (x)+ ig(x)↔ F(k)+ sgn(k)F(k). We also know from the definition
of Fourier transform that f (x)↔ F(k), and therefore the following holds.
g(x)↔ F(k)(−isgn(k)) (5.5.0.6)
Since inverse transform of −isgn equals 1πx , g(x) can be rewritten as follows.









x − X dX (5.5.0.7)
The right panel of Fig. 5.7b shows a cross-sectional view of the MO-signal envelope ob-
tained from real-space Hilbert transform for the MO images. The signal slope in the right panel
indicates the velocity of the propagation of amplitude, namely a group velocity. Therefore, the
ray intensity of the hybridized spin waves is obtained by using the Hilbert transformation. The
group velocity was estimated by fitting the data points chosen in the same manner as the data
for obtaining phase velocity.
The phase velocity estimated from the dashed red line in the left panel of Fig. 5.7b is
6.51 ± 0.09 km/s, while the estimated group velocity is 6.05 ± 0.07 km/s. The result is con-
sistent with the calculated dispersion relation near the crossing between spin waves and elastic
waves(Fig. 5.7c). Due to the bending of dispersion relation around the anticrossing, spin wave
has a smaller group velocity than the phase velocity [47]. Since pure elastic waves have the
same phase and group velocity due to its linear dispersion relation, the observed difference in
the phase and group velocity is a direct proof that the excited spin waves are resonantly coupled
with elastic waves. The excited region is indicated in the top panel of Fig. 5.7c by red lines. We
could not see a clear hybridization gap between spin waves and elastic waves regardless of the
clear coherence of the hybridized spin waves observed in the MO images. This is because our
frequency resolution is limited to 70 MHz which is comparable to the expected gap frequency
(32 MHz for LA and 88 MHz for TA) [48, 102, 107].
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Figure 5.8: (a). Temporal evolution of a cross-sectional view of experimentally obtained MO
images (upper panel) and envelope images (lower panel). The slope of the red dashed line
in the figure indicates phase (group) velocity in the upper (lower) panel. The orientation of
cross section is taken parallel to the propagation direction of incident waves. In the lower
panel, the red dashed line in the MO intensity plot is drawn with a white dashed line for a
comparison. (b). Calculated dispersion relation (upper panel) and amplitude of spin-wave
component (middle panel) and elastic-wave component (lower panel) near the crossing between
longitudinal mode of elastic waves and spin waves. Red solid line shows the region having the
same group velocity obtained from Fig. 4(b). The parameter for the calculation is 4πMs =
169.6 G,Ku = −7.056 × 103 GOe,K1 = 6.637 × 102 GOe.
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5.6 Phenomenological modeling of magneto-elastic mode conver-
sion
5.6.1 Incident angle dependence of bi-reflection of spin waves
We are now focusing our discussion on the difference between elastic mode conversion and the
magneto-elastic mode conversion, which leads to bi-reflection of elastic waves and spin waves,
respectively.
We carried out incident-angle dependence measurement of the bi-reflection of spin waves.
Figure 5.10d shows the relation between the incident angle and reflected angle for the k1 and k2
modes in the OP-magnetized sample. According to the continuity of amplitude at a boundary, ky
should be kept the same between an incident wave and reflected waves. This boundary condition
gives a relation between the incident angle and reflection angle. We measured the incident-
angle dependence of the reflected angles. The incident angle of the spin wave is controlled by
changing the orientation of the elliptic pump-beam focus. The reflection angle is obtained from
the SWaT spectrum in k-space by fitting the spectral intensity by two-dimensional Gaussian
function. Figure 5.7a shows that the experimentally obtained relation between the incidence and
reflection angle is well explained by the calculated relation, which confirms that the reflection
angle follows the same law as elastic mode conversion.
On the other hand, incident-angle dependence of the reflectivity was found to be different
from that of elastic waves. Elastic mode conversion exhibits a dependence on incident angle θin
because θin changes the ratio of volume and shear strain induced by elastic waves at a sample
edge. In the case of oblique incidence of longitudinal waves, the volume strain parallel to the
wavevector induces both volume and shear strain at the sample edge [104]. It gives birth to
the mixing of longitudinal and transverse modes of elastic waves, resulting in elastic mode
conversion. In the case of the normal incidence, on the other hand, only volume strain appears
at the edge, suppressing the elastic mode conversion. Since elastic waves simply pass through
in the case of the 90-degrees incidence, the conversion efficiency exhibits a maximum at 0◦ <
θin < 90◦.
Elastic mode conversion can be derived by considering equation of motion with the bound-
ary condition. The equation of motion for elastic body is written by the following theory. We







(λ + µ)∇(∇ · X) + µ∆X] (5.6.1.1)
,where, X, λ, µ, ρ are the displacement, Lame’s first and second constant, and the density of
the elastic body. The displacement X can be decomposed into divergent field and rotation
field,X = ∇Φ + ∇ ×H. By substituting this expression of displacement and require to hold the
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equation of motion, this yields,








Now, we consider the reflection of elastic waves at a two-dimensional space. According to the
boundary condition for stress, the following relation holds.
P(n) = 0 (5.6.1.4)






Xi jn j = 0, (5.6.1.5)
where, P(n) is the stress for the surface with the surface normal n. In the configuration drawn




Xkk + 2µXxx = 0 (5.6.1.6)
−2µXyx = 0 (5.6.1.7)
−2µXzx = 0 (5.6.1.8)
Discrete Fourier transform gives the following relation.∑
k




k ) = 0, −2µ
∑
k
Xyxk = 0, −2µ
∑
k
Xzxk = 0 (5.6.1.9)
Now, we rewrite the above equation by using the basis parallel to the incoming wave as follows:
e1 = (−cosθk, sink, 0), e2 = (0, 0, 1), e3 = (−sinθk, cosk, 0) (5.6.1.10)




















[−kzXk1cosθk − kXk2cosθk ± kzXk3sinθk] = 0 (5.6.1.13)
where, ± is defined as positive when k directs towards x-negative orientation. Expanding
the displacement with vector and scalar potential, Xk1 = kϕk, Xk2 = k1Hk,3 − k3Hk,1, Xk3 =
kHk,2 = kHk,z holds. When a P-wave enters into the boundary, the boundary condition should
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Figure 5.9: The configuration of elastic wave wavevector considered in the calculation for elas-
tic mode conversion. Here we suppose that the reflection of P-wave leads to the reflection of
P-waves and SV-waves.
be met by adding incoming P-wave and reflected P- and SV-waves. We assume from Snell’s
reflection law, θkinP(S) = θkoutP(S) = θkP(S) Besides, the reflected wave is assumed to be volume mode





























Owing to the continuity of the phase at a boundary, the following relations hold.
kPsinθkP = kSsinθkS (5.6.1.16)
⇔ 2sin2θkS − κ2 = −κ2cos2θkS (5.6.1.17)
where ,κ = kS/kP. This condition eventually gives a scattering matrix of elastic wave at a free
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Figure 5.10: (a). Reflection angles plotted as a function of an incident angle. The blue (red)
filled circles indicate the reflected angles of k1 (k2) mode. Solid lines show the result of calcula-
tion according to the phase velocity of the each modes of elastic waves. (b). Reflectivity of each
modes as a function of an incident angle. The blue (red) filled circles indicate the reflectivity of

















This result is plotted in Fig. 5.7b by black dashed curves. The reflectivity of the longitudinal
(transverse) elastic wave has a dip (peak) near 45◦ and takes zero (one) at θin = 0, 90◦. This
is consistent with the aforementioned qualitative discussion on the incident angle dependence
of elastic mode conversion. The red (blue) filled circles in Fig. 5.7b indicates the reflectivity
of the k1 and k2 modes as a function of an incident angle. The experimental data do not fit to
the calculated rate of the elastic mode conversion, which is plotted as black dashed curves in
Fig. 5.7(b).
For better explanation of the observed result, we constructed a phenomenological model for
the magneto-elastic mode conversion. The model is obtained by assuming that hybridized spin
waves are reflected by two different processes. The first one is the scattering of spin waves at
a sample edge. In an OP-magnetized film, the scattering probability is assumed to be constant
for any incident angles since the dispersion relation of spin waves is isotropic. The second
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process is mode conversion of pure elastic waves. Since the conversion ratio depends on the
incident angle, we assumed that the scattering probability depends on the incident angle in the

















akin + (h.c.), (5.6.1.23)




k) are the wavevector of an incident
wave, wavevector of reflected longitudinal hybridized spin waves, wavevector of reflected trans-
verse hybridized spin waves, incident angle, reflectivity of pure longitudinal elastic waves, ratio
of conversion from longitudinal elastic waves to transverse elastic waves, mixing angle of scat-
tering potential at an edge, annihilation (creation) operator of spin waves, and the annihilation
(creation) operator of elastic waves, respectively. The scattering probability is calculated by
using time-dependent perturbation theory.
We calculated the reflectivity by taking hybridized spin waves as an eigenstate of total
Hamiltonian Ĥtot which includes a spin wave Hamiltonian Ĥs, an elastic wave Hamiltonian
Ĥel, and coupling between spin waves and elastic waves Ĥmec (Ĥtot = Ĥs + Ĥel + Ĥmec). The
total Hamiltonian gives solutions with positive and negative frequency, however, the state with
negative frequency has no coupling with other mode. Therefore, the effective Hamiltonian of































which is in this thesis calculated numerically by diagonalizing the effective Hamiltonian di-
rectly. Calculated eigenstates near the avoided crossing between elastic waves and spin waves
are plotted in Fig. 5.8(b). The amplitude of elastic component and spin components have a
crossover at the crossing point.
The solid red (blue) curves in Fig. 5.10 are the calculated reflectivity from our model. The
calculated curves reproduce the experimentally obtained reflectivity of k1 and k2 modes. The
effect of hybridization between spin waves and elastic waves manifests itself as the decrease in
the reflectivity. In the vicinity of the crossing points, the amplitude of spin-wave and elastic-
wave component exhibits crossover as shown in Fig. 5.10c [45, 47]. Due to the crossover, the
amplitude of elastic-wave component decreases, leading to suppression of scattering probability
compared to that of the pure elastic-waves case, consistent with the experimental result. The
solid curves in Fig. 5.10d was calculated by setting the mixing angle C = 0.8, which indicates
that the scattering probability of spin waves is 20 % less than that of elastic waves.
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This ratio between spin wave and elastic wave reflection can be macroscopically explained.
In both cases, the reflectivity between two different media a, b is described by the difference in
impedance zi i = a, b as follows (in the electromagnetic wave, permittivity).
R =
∣∣∣∣∣za − zbza + zb
∣∣∣∣∣ (5.6.1.25)
For elastic waves, the impedance can be written by an acoustic impedance, which is defined as
follows:
zi = ρivi (5.6.1.26)
,where ρi, vi are the density of the media and sound velocity in the media. In the experiment,
the two media are LuIG and air, which has zLuIG = 1.85 × 107, zair = 4.29 × 102(Pa ·m · s). The
significant difference between two acoustic impedance results in high reflectivity for the elastic
waves. On the other hand, the reflectivity of spin waves can be estimated by the difference in
dielectric constant ϵ. We use the dielectric constant of YIG (∼ 8.5) for roughly estimating the
reflection coefficient. The difference in the dielectric constant between air and YIG leads to
the reflection by only R = 0.79. Therefore, in the reflection of spin waves, magnetostatic spin
wave emits electromagnetic waves to air and losses the intensity, while elastic waves are almost
completely captured inside the material.
Note that the decrease in the spin amplitude is irrelevant to spin-spin interaction and spin-
lattice interaction. Since the reflectivity is supposed to associate strongly with the edge, one of
the most influential processes is two magnon scattering, where a magnon transfers one state to
another state by changing momentum. In the perfect magnetic crystal, the spin-spin relaxation
occurs only when frequency-momentum conservation holds. Therefore, in such cases, a four-
magnon process or three-magnon process is only allowed. However, in the case of reflection
at a sample edge, momentum conservation does not necessarily hold, and thus two magnon













k1∆(k2 − k1 + kp) (5.6.1.27)
, where Hk,∆(k) is the k-th Fourier component of effective magnetic field in the system, the
Dirac’s delta function [36, 106]. In this process, in OP-magnetized sample, magnon should be
stay within the field of view of SWaT analysis because the state which conserves frequency
exist only in k ≃ 0.
5.7 Summary
In this study, we observed the split of a reflected spin wave, bi-reflection of spin waves, by
measuring reflection dynamics of spin waves in the vicinity of an edge of a ferrimagnetic gar-
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net (Lu2Bi1Fe3.4Ga1.6O12). During reflection at a sample edge, spin waves exhibit clear split
into two modes with different wavelengths. We found that mangeto-elastic coupling and mode
degree of freedom inherited from an elastic wave is responsible for the split. The result demon-
strates the potential of a mode degree of freedom of elastic waves to control spin-wave propa-
gation in magnetic materials.
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Chapter 6
Coherent oscillation of magnons and
phonons
6.1 Coherent oscillation of magnon-phonon hybridized state
The magneto-elastic interaction leads to the hybridization of elastic waves and spin waves. Pre-
vious studies on the hybridized states focus on the transport phenomena of hybridized magnons;
the coherence of the coupling was not clearly seen. Essentially, the magneto-elastic coupling in
the second-order does not break the coherence of the elastic and spin waves, and thus coherent
energy transfer between spin and lattice is expected to realize. This coherent energy transfer
has never been observed because high time and wavevector resolution is necessary, which was
not realized ever before the extension of our spin wave tomography.
In this chapter, we demonstrate the coherent energy transfer between spin waves and elastic
waves as a result of the magneto-elastic hybridization.
6.2 Long-delay magneto-optical imaging of magneto-elastic waves
The time-resolved magneto-optical imaging method is a powerful setup to observe the mag-
netization dynamics in a magnetic material. This system is a combination of time-resolved
spectroscopy and conventional magneto-optical imaging. In order to take a snapshot of a spin-
wave propagation, the system uses two pulses of laser: pump and probe pulses. The pump pulse
enters into the material with a time delay with the probe pulse so that the time-dependence of
magnetization motion is reflected in the probe pulse. The magnetization orientation when the
probe pulse arrives is reflected in the polarization of the probe pulse via the magneto-optical
Faraday effect. We extend this system to be able to observe the coherent conversion of magnon.
The magneto-elastic coupling arises owing to various interactions, including dipole inter-
action, exchange interaction, and spin-orbit interaction. In the long-wavelength limit, exchange
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Figure 6.1: (a). A schematic of experimental setup for observation of coherent oscillation of
magnon and phonon. Optical fibers are used to extend the delay time of the probe pulse so
that the long-time duration measurement becomes possible. (b). Magnified view of the sample
configuration. The pump beam is formed by a thin slit into linear shape, which excites almost
perfect plate wave of spin waves.
interaction becomes negligibly small, and thus, dipole and spin-orbit interaction dominate the
magneto-elastic interaction. Since both interactions have the energy scale of meV, the intercon-
version between magnon and phonon is expected to happen rarely. The typical magneto-elastic
gap frequency ∆ f can be estimated from the formalism of the magnetostriction as follows:





where B2 is the magneto-elastic coupling coefficient, which is 6.96×105 J/m3for YIG, and
2.56×105 J/m3 for LuIG. Therefore, the gap frequency is in the order of MHz. The frequency
resolution of spin wave tomography is determined by the time duration of the whole measure-
ment. The increment for the Fourier transform follows the following relation.
∆ f =
1
∆t · N , (6.2.0.2)
where ∆t is the temporal increment of a measurement, and N is the number of points obtained in
the measurement. The largest increment of the time is limited to be above the Nyquist sampling
rate, a double of the characteristic period of the oscillation. In order to increase the frequency
93
6.3Real space images of spin-wave dynamics. 94
resolution, one should increase the whole measurement time T = N∆t. In our experimental
setup, we realized a large T by inserting optical fiber in the optical path of the probe beam of the
time-resolved magneto-optical system. Probe pulses are guided into a coupler for optical fiber
(ϕ = 400 µm: multi-mode fiber) of 1, 3, 5, 7 m length. The output laser pulse has the time delay
much longer than the delay stage makes. By using the delayed probe pulse, long-time duration
measurement of spin-wave dynamics becomes possible. The frames taken with the fibers with
different lengths were arranged so that the sampling is done periodically. The overlapping of
frames taken with different fibers is evaluated by calculating PSNR, a mean-squared-value-
based index of similarity of frames in the computer vision field, defined as follows.





, MS E =
∑
M,N [I1(m, n) − I2(m, n)]2
MN
(6.2.0.3)
where, R is the dynamic range of the input image (e.g. 255 for 8-bit image), and I1 and I2 are
the input images. By the use of optical fiber, we measured the spin-wave dynamics up to 29.6 ns
after the pump beam incidence. Including 5 ns before the laser irradiation, we get the frequency
resolution of 28.6 MHz.
Experiments were performed under the in-plane magnetic field applied along x-direction.
The pump beam is focused on the sample through a slit so that the focus of the pump beam is
shaped into a line along y-axis of the sample. By the shape of the pump beam, spin-wave with
the wavevector kin = kex is excited as shown in Fig. 6.1(b). This is beneficial in that we could
excite the spin wave with an as large amplitude as possible in the setup. When the spin wave
is excited with a point-like focus shape, the amplitude of spin wave decreases as it propagates
radially. On the other hand, the plane-wave amplitude decreases only by the relaxation of spin
waves, which leads to coherence and observable amplitude for several tens of nanoseconds. In
this condition, the backward volume mode of spin wave is dominantly excited. The excited spin
wave hybridizes with elastic waves via magneto-elastic coupling that is present in the sample.
We used LuIG grown on GGG(100) substrate, which has a strong magneto-optical effect
and magneto-elastic coupling of B2 = 2.56 × 105 (J/m3).
6.3 Real space images of spin-wave dynamics.
In Fig. 6.2, the time-dependence of the observed magneto-optical images are shown. We clearly
see that the pump laser pulse excite a spin wave at the right edge of the picture, and the excited
spin waves propagate towards left. The excited spin wave is almost perfect plane waves with a
different wavelength kL and kT and group velocity of vL and vT. This indicates that the excited
spin wave couples with the longitudinal and transverse mode of elastic waves. Non-linear
scattering process of magnons may be responsible for the shift in the phase, or the randomness
appears after a certain time duration.
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Figure 6.2: Time-resolved magneto-optical images obtained from the long-time duration mea-
surement. In the left top panel, the pump focus is indicated by a green dashed lines. After the
pump beam irradiation, spin waves are excited and propagates to the left as a plane waves. The
waves are categorized into two waves with different wavelength λL and λT, and group velocity
vL and vT, indicating that the spin wave couples with elastic waves.
We could also see a wavefront of the spin waves coupled with the transverse mode of elastic
waves clearly. This is owing to the excitation spectrum in k-space has a peak around the cross-
ing between transverse mode of elastic waves and spin waves due to the linear dependence of
magneto-elastic couping and gaussian amplitude distribution of the pump beam as discussed in
the Chapter. 3 as well.
6.4 SWaT analysis of coherent oscillation of magnon-phonon hy-
bridized state
6.4.1 Spectrum analysis of the excited spin waves
The obtained magneto-optical images are analyzed by the Fourier-based analysis method, spin
wave tomography (SWaT). SWaT leads to the spectrum in Fourier space, which corresponds to
the dispersion relation of excited waves. In Fig. 6.3(a) shows the SWaT spectrum of excited
spin waves. At the crossing between spin-wave dispersion and elastic waves, the intensity
of the spectrum has a peak. Importantly, in the vicinity of the crossing between dispersion
relation of spin waves and transverse mode of elastic waves, the linear dispersion originating
from the elastic waves bends, and the peak of the spectrum intensity splits into two as shown
in Fig. 6.3(b). The split of the peak is also confirmed in the line plot of the spectrum along
the frequency axis. In Fig. 6.4(c), line plot of the spectrum intensity near the crossing kcross
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Figure 6.3: (a). SWaT spectrum of the excited spin waves. The square of white dashed lines
indicates the region of the magnified view of the spectrum showing in (b). (b). A magnified
view of the SWaT spectrum in the vicinity of kcross. A clear gap between upper branch of
the spectrum and the lower branch of the spectrum is observed. (c). Line plots of the SWaT
spectrum intensity in the vicinity of kcross. Splitting of the peak in the frequency axis is clearly
observed, showing the gap due to magneto-elastic hybridization.
between spin waves and transverse mode of elastic waves. In the k < kcross and k > kcross, the
spectrum peak appears as a single peak, while in the intermediate k-region, the peak splits into
two, showing the magneto-elastic gap. The distance between the two peaks is estimated to be
around 88 MHz, which is larger than the expected gap frequency of 15.2 MHz for the transverse
mode of elastic waves. Owing to the limited frequency resolution of the system, the evaluation
of the linewidth of the peak is hardly possible, while the clear structure of avoided crossing is
observed for the first time ever with our approach.
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6.4.2 Time domain analysis of hybridized state’s amplitude
To confirm the coherent conversion of magnon, we performed a time-dependent analysis of the
spin waves’ magnitude. We applied spatial two-dimensional Fourier transform to real-space
magneto-optical images so that the waves are separated by wavenumber at each time frame as
schematically shown in Fig. 6.4(a). Fig. 6.4(b) shows the Fourier spectrum obtained at different
time. In the 0 ns frame, there is no spectral peak observed in the spectrum. On the other hand,
at t = 4.4 ns, a strong peak appears around k = 1.3 × 104 (rad/cm), which is near the crossing
between longitudinal mode of elastic waves and spin waves. We can also see the small peak
appears around k = 2.9 × 104 (rad/cm), which is near the crossing between transverse elastic
waves and spin waves. The intensity of the peak around k = 1.3 × 104 (rad/cm) is kept large
from t = 4.4 ns to t = 34.4 ns. On the other hand, the intensity around k = 2.9 × 104 (rad/cm)
gets large at t = 12.4 ns, while it diminishes to almost zero amplitude at t = 20.4 ns. The
disappearance of the peak is not due to the damping of the spin waves because the peak appears
again in t = 29.4 ns and t = 34.4 ns. Therefore, the intensity of the spin waves coupled with
transverse elastic wave oscillates in time, which is an indication for the coherent interconversion
of magnon and phonon.
Fig. 6.4(c) shows the real part of the Fourier spectrum at k = 1.35 × 104 (rad/cm) and
k = 2.89 × 104 (rad/cm), where the longitudinal and transverse mode of elastic waves couples
strongly with spin waves, respectively. The signal oscillates with two different timescales: a fast
oscillation with the frequency of spin waves and slow oscillation of envelope. In the case of the
coupled state between longitudinal elastic waves and spin waves, the signal starts to increase
after 8 ns, and it peaks around 15 ns. The amplitude is kept for several nanoseconds, followed
by a gradual decrease after 30 ns. The decrease after t =30 ns is owing to the fact that the spin
wave coupled with the longitudinal mode of the elastic wave travels away from the field of view,
and thus, in the case of the spin wave coupled with the longitudinal mode of elastic waves, the
Fourier spectrum intensity is kept constant during the propagation. On the other hand, in the
case of the coupled state between transverse elastic waves and spin waves, the half-period of
the envelope is 15.4 ns, which corresponds to the frequency of 32.5 MHz while the spin wave
frequency does not significantly change. The result is qualitatively consistent with the property
of coherent interconversion. The magneto-elastic coupling has a wavenumber dependence as it
becomes large for the large wavenumber, owing to large strain in the material. Calculating from







In our experimental setup, θk = 0, which leads to no interaction between spin waves and lon-
gitudinal elastic waves, and finite interaction between spin waves and transverse elastic waves.
Although the interaction between spin waves and longitudinal elastic waves is ideally zero, due
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to the finite linewidth of the excitation spectrum in wavenumber space, we cannot avoid ex-
citing the spin waves satisfying θk , 0. These modes have negligibly small interaction, and
thus the period of coherent oscillation is infinitely long, which leads to the constant amplitude
during propagation. On the other hand, the envelope oscillation of transverse mode is expected
to be the consequence of coherent interconversion between magnon and phonon. The envelope
frequency is directly giving the value for σk, a gap frequency.
6.4.3 Magnetic field dependence of oscillation frequency
We carried out a systematic analysis of the envelope’s oscillation frequency to confirm that the
observed oscillation is due to the coherent interconversion of magnon and phonon. The coher-
ent interconversion of magnon and phonon can be modeled in the following manner. Firstly,
the eigenstate of the system is modeled by the eigenstate of the total Hamiltonian, includ-
ing spin-wave Hamiltonian Ĥs, elastic-wave Hamiltonian Ĥel, and magneto-elastic coupling















This Hamiltonian is diagonalized by a Bogoliubov transformation as shown in the Chapter. 2,
and the operator for the diagonalized eigenstate is written as follows:
ĉk = ukb̂k − ivkâk,µ (6.4.3.2)
d̂k = ukâk,µ − ivkb̂k (6.4.3.3)
where, uk and vk are the coefficient for the Bogoliubov transformation defined by using the















k/4, ωδ = (ωp−ωm)/2. The time evolution of the eigenstate is expressed
by Unitary transformation of this eigenstates by using the eigenfrequency ωc and ωd of the
diagonalized state ĉk and d̂k.
Here, we assume that the pump pulse excites phonon by the incident to the sample. There
are two ways of modeling this phenomenon. The first way is the simplest single-mode model.
This model assumes that the observed Faraday rotation is proportional to the probability that
we observe a single magnon state at time t after the excitation of pure phonon state at time 0.
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In this case, the observed signal can be written as follows.




















This model leads to the beating of the expectation value at a frequency of ωs, which is es-
sentially half of the gap frequency between the upper and lower branches of the dispersion
relation of magneto-elastic waves . The model also states that the beat oscillation has a sharp
time dependence of envelope when the amplitude of spin wave approaches to zero because
d
dt sinωst|t=nπ/ωs , 0.
The other approach is to use a coherent state to calculate the number of magnons at time t.
Here we consider a direct product of two coherent states as follows,
|γ, δ⟩ = |γ⟩ ⊗ |δ⟩, (6.4.3.9)
where, ĉk|γ⟩ = γ|γ⟩, d̂k|δ⟩ = δ|δ⟩. By using this coherent state, the mean number of magnons
at a time t can be derived as follows.







·(ukĉk(0)e−iωct − ivkd̂k(0)e−iωdt)|γ, δ⟩ (6.4.3.11)
= |uk|2|γ|2 + |vk|2|δ|2 + 2ukvk|δγ∗|(sin2ωst + ϕ) (6.4.3.12)
where, tanϕ = Re(δγ
∗)
Im(δγ∗) . Since the amplitude of magnon is zero at t = 0, δ = ukβ, γ = −ivkβ,
where β is a complex amplitude of phonon which satisfies for coherent state of phonon |β⟩,
b̂k|β⟩ = β|β⟩. The initial phase of oscillation leads to the following temporal change of the mean
number of magnon,
⟨γ, δ∥â†k(t)âk(t)|γ, δ⟩ =
σ2k
8ω2s
|β|2 [1 − cos2ωst] . (6.4.3.13)
The result shows that the number of magnons oscillates with the frequency of 2ωs, a gap fre-
quency. Note that the difference between coherent state model and single-mode model is that
the time derivative of envelope oscillation is zero at t = nπ/ωs in the case of the coherent
model, which is consistent with the experimental result. Moreover, the experiment does not




In Fig. 6.5(a), the k-dependence of the beating frequency is shown for two external magnetic-
field conditions: 150 Oe and 190 Oe. Red filled circles show the experimentally obtained
beating frequency, and the pink sold curve shows the theoretical beating frequency ωs =√
ω2δ + σ
2
k/4 which assume the frequency of spin waves is constant. The experimentally ob-
tained beat frequency is reproduced well by the theoretical curve, which is proof that the enve-
lope oscillation is a beating between two states at the avoided crossing created by the magneto-
elastic coupling. This is, namely, the proof that the magnon energy is coherently transferred
to phonon and phonon gives the energy back periodically in this system. Owing to the shift of
dispersion relation of spin wave by the external magnetic field, the wavenumber value where
the beat frequency takes minimum depends on an external magnetic field. The spin wave fre-
quency is calculated by using parameters of Kc = −6.637 × 102 erg/cm3, Ku = −7.056 × 103
erg/cm3, and 4πMs = 169.6 G, to be 1.35 GHz and 1.6 GHz for H = 150 Oe and H = 190 Oe,
respectively. The theoretical curve reproduces the experiment in both conditions, proving that
the envelope oscillation is owing to the beating between two states.
According to the experimental result demonstrated in Fig. 6.4, the beat frequency at the
crossing between transverse elastic waves and spin waves is 65 MHz. This is equivalent to
the magneto-elastic constant of 1.02 × 106 J/m3, which is larger than that of YIG (6.96 × 105
J/m3). The large magneto-elastic coupling may originate from the enhancement of spin-orbit
interaction by the substitution of Bi-ion to Y-ion sites. [107].
6.5 Summary
We performed high-frequency resolution spin-wave spectroscopy by extending the time-resolved
magneto-optical imaging method to observe the coherent interconversion between magnon and
phonon. By measuring the time-evolution of the optically excited spin wave in a magnetic gar-
net Lu2Bi1Fe3.7Ga1.3O12, we observed the frequency gap at the crossing of dispersion relations
of spin waves and elastic waves. The amplitude of the mode at the crossing shows character-
istic time dependence that is proof of coherent interconversion of phonon and magnon due to
magneto-elastic coupling. These results leads to the coherent control and conversion of phonon
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Figure 6.4: (a). A schematic of the time-domain analysis of SWaT spectra. The experimentally
obtained time-resolved images are transformed by two-dimensional Fourier transform to get
a spectrum in wavenumber space. (b). The SWaT spectra in wavenumber space, at different
time frame. The spectral intensity near k = 1.3 × 104 (rad/cm) and k = 2.9 × 104 (rad/cm)
corresponds to the spin waves coupled with longitudinal and transverse mode of elastic waves.
The amplitude of spin waves at k = 1.3 × 104 (rad/cm) is independent of time, while the
amplitude at k = 2.9 × 104 (rad/cm) oscillates in time. (c). Time dependence of the real part of
the Fourier spectrum in wavenumber space. The left panel shows the time-dependence of the
peak at k = 1.35× 104 (rad/cm), which is constant over time. On the other hand, the right panel
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Figure 6.5: (a). Experimentally obtained beat frequency in different magnetic field condition
and theoretical curve of beat frequency. Left panel shows the result under H = 150 Oe and the
right panel shows the one under H = 190 Oe. (b). A schematic of avoided crossing and beating.
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Chapter 7
Video frame interpolation for
spin-wave videos by means of machine
learning
7.1 Interpolation of video as a tool for spin-wave spectroscopy
The recognition of human behavior and physical phenomena has been achieved by means of
analysis on either static images [108, 109] or sequential videos [110]. When temporal vari-
ation is important, analysis on sequential videos is effective, as seen in human-walking path
prediction in a crowded environment [111] and analysis on the motion of magnetic bubbles
in magnets [112]. In such analysis, low-frame-rate videos are disadvantageous, especially for
precise investigation on physical phenomena. A low-frame-rate video can be interpolated by
thorough analysis on other low frame-rate videos in the same domain, thus enabling detailed
analysis by using the interpolated high-frame-rate videos. Recently, deep neural networks have
commonly been used for frame interpolations, e.g., Super SloMo [113] and PhaseNet [114].
Super SloMo is a deep frame interpolation method that can accurately interpolate videos with
objects seen in daily lives, such as cars and humans.
Although the conventional interpolation methods, which include linear and spline interpola-
tions, are versatile and powerful, they may not be applicable for some cases. As one exemplary
case, we consider the observation and analysis of videos of quantum mechanical phenomena
in solid state materials [67, 115]. This research method is used for the exploration of physical
systems and should be suitable for quantum q-bit in the near future [27]. Due to the wave-like
nature of quantum mechanics, quantum phenomena in materials are often observed as a wave
oscillating in time and space. Therefore, a spectroscopic method based on the Fourier transform
of the observed wave signal is currently under development [27, 116]. In this method, physi-
cal phenomena are directly observed as a video, and the analysis is carried out in the Fourier
103
7.2Related method 104
spectrum space. One of the key elements in the spectroscopy of quantum phenomena is the
frequency resolution. In order to achieve high frequency resolution for spectroscopic analysis,
it is essential to obtain data of temporal changes in long-term durations.
The biggest disadvantage of this method is its long measurement time due to the low S/N
ratio of the video frame: typically several tens of minutes per frame. The measurement time
for a satisfactory number of frames (∼ several hundred) inevitably becomes several weeks. The
critical drawback led by the long measurement time is that we could not evaluate if the mea-
surement setup is well-tuned to perform a certain experiment until we run the test measurement
which takes, at least, several days. If there is a way to estimate how good or bad the mea-
surement goes in the current setup, we can perform the experiment more efficiently. Moreover,
the light source for obtaining the video can become unstable during long measurement times,
which makes improving the frequency resolution practically impossible. Therefore, implement-
ing deep frame interpolation in the spectroscopic method will reduce the number of frames to
be obtained experimentally, thereby improving the efficiency and accuracy of the analysis of
physical phenomena.
In this study, we introduce a deep frame interpolation method for quantum wave videos.
Previous methods are optimized to videos of daily objects, so using them for wave videos can
lead to problems such as error in the periodicity of waves in space and time. Therefore, we pro-
pose using regularization to reduce the loss in Fourier space with the aid of the sparseness of the
Fourier spectrum so that deep frame interpolation can be applied to wave videos. We evaluate
the interpolation of synthesized quantum video with our proposed method and an earlier one to
compare the accuracy of interpolation.
7.2 Related method
One of the previous deep video interpolation methods is Super SloMo [113], a supervised learn-
ing model that optimizes an optical flow by using two Convolutional Neural Networks (CNNs).
The first CNN generates an optical flow based on the input of two frames with different times,
and the other optimizes the optical flow obtained in the first CNN, after which an interpolated
frame is generated. In Super SloMo, four types of loss are utilized: reconstruction loss between
interpolated frame and ground truth Lrecn, back-warping loss of optical flow Lwarp, smooth-
ing loss to make optical flow spatially smooth Lsmth, and perception loss defined in the latent
space generated by VGG16 Lprcp [117]. Back-warping loss is based on the backward warping
function used in the work by Zhou et al. [118] for the generation model of images from differ-
ent view positions. This function generates an interpolated image from inputs of a frame and
an optical flow towards the interpolated frame. Therefore, by defining a loss as the difference
between an interpolated frame and a ground-truth frame, the CNN can be trained to minimize











     subnet
Fine tuning of
optical flow
tU-Net: 5th layered U-Net: 5th layered
g: Back warping




Figure 7.1: Schematic illustrations of proposed model
of videos with moving objects, which barely change in shape or size, it does not recognize
periodicity in space and time.
7.3 Our proposal
We propose a video interpolation method that uses a loss in the Fourier space as a regularization
term so that we can improve the quality of interpolation with the aid of sparseness of the Fourier
spectrum. An overview of the proposed method is shown in Fig. 7.1. The learning is performed
using two UNets [119]. The first CNN generates an optical flow, i.e., a vector field connecting
two time frames, from the inputs of two sequential frames I0 and I1. As a result, the CNN
outputs F0→1 and F1→0, which are the optical flows from I0 to I1 and I1 to I0, respectively.
F0→1 and F1→0 correspond to each other by sign inversion. The second CNN optimizes the
obtained optical flow by using I0, I1, F0→1, and F1→0 under the regularization condition written
as
Ltotal = λrecn Lrecn + λwarp Lwarp (7.3.0.1)
+Lsmth + λprcpLprcp
+λftx Lftx + λftt Lftt (7.3.0.2)





Figure 7.2: Examples of images in the learning dataset. (a). A snapshot of a waves (excited
under the condition, excitation time duration: 6.4 ns, velocity: 2.64 km/s, excitation frequency:
1.2 GHz) (b). A snapshot of a waves (excited under the condition, excitation time duration: 9.6
ns, velocity: 4.38 km/s, excitation frequency: 1.2 GHz, (c). A weight map of (a), (d). A weight
map of (b)
,where Lrecn is the reconstruction loss, Lwarpis the backwarp loss, Lsmth is the smoothing loss
of optical flow, Lprcp is the perception loss, which all are introduced in the previous method.








Here, we used Fr and Ft, which are the operator of two-dimensional Fourier transform with re-
spect to spatial coordinate (x, y), and the operator of one-dimensional Fourier transform with re-
spect to temporal coordinate ti, respectively. For the spatial two-dimensional transform, the vari-
able is transformed from r = (x, y) to k = (kx, ky), and for the temporal one-dimensional trans-
form t → ω. The vectors used in the definition of Fourier spectrum loss are It = [It0 , ..., ItN ]，
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Ît = [Ît0 , ..., ÎtN ], where It, Ît are video frame data as a function of r. We expect the Fourier spec-
trum loss to reduce the reconstruction error for the following reasons. When a reconstructed
optical flow is optimized based on the real-space reconstruction error, the deviation in the op-
tical flow leads to a misarrangement of pixels in real space, which may result in a rough and
noisy wavefront. On the other hand, the training based on the loss in Fourier space reduces the
difference of Fourier spectra obtained from ground truth and interpolated frames. Since a single
peak in a Fourier spectrum describes a plane wave in a real space, deviation in optical flow in
the Fourier space will not result in a rough wavefront. Similarly, the loss obtained from tem-
poral Fourier transform serves to keep the oscillation frequency the same between ground truth
and interpolated frames, resulting in the occurrence of small errors in the phase of the wave.
Therefore, by training the network so that these losses are minimized, the network is expected
to reproduce the amplitude and phase of the wave better than the previous method can.
Since a quantum-wave video can be decomposed into a limited number of waves, we in-
troduce the following sparse regularization losses so that we can limit the number of waves to
reconstruct the interpolated frames. Lspx is defined to maximize the average curvature of the
spatial Fourier spectrum, as
Since the quantum-wave video can be decomposed into limited number of waves, we intro-
duce the following sparse regularization losses so that we could limit the number of waves to
reconstruct the interpolated frames. Lspx is defined to maximize the average curvature of the
spatial Fourier spectrum as follows:








where S (x) is a sigmoid function, defined by S (x) = 11+e−x . Ωk reflects the average curvature
with the principal axes of kx and ky in the wavevector space. Lspt performs sparse regularization











where Ωω(x, y) reflects the average curvature of the temporal Fourier spectrum at (x, y). By
introducing Lspt, the linewidth of the spectrum peak is expected to decrease, and at the same
time, the spectrum region with low intensity approaches zero intensity.
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Experiment name Introduced losses PSNR SSIM
Baseline 41.72±1.17 0.97±0.0
Baseline + FT +Lftt+Lftx 44.87±0.05 0.99 ± 0.0
Baseline + FT + Sparse +Lftt+Lftx+Lspt+Lspx 44.89 ± 0.06 0.99 ± 0.0
Baseline + FT + Sparse + attn +Lftt+Lftx+Lspt+Lspx+ attn 44.87±0.07 0.99 ± 0.0
Table 7.1: PSNR values for interpolated wave videos. FT represents Lftx and Lftt，Sparse
represents Lspx and Lspr, attn represents use of weight map.
The observed quantum mechanical wave video reflects not a steady response but a transient
one. Therefore, a video frame may have two regions: one with and one without waves. The
definition of loss regarding temporal Fourier transform (Lftt,Lspt) uses the summation of loss
at each pixel over all the frame areas. As a result, when the area of a region with no waves is
large, the frequency characteristics of the wave are barely reflected in the losses. Therefore, we
introduce a weight map to weigh a region with waves more than a region without waves so that
the frequency characteristics are reflected properly to the loss. The weight mapαx,y is defined
as
αx,y = ⟨I2t j(x, y)⟩ − ⟨It j(x, y)⟩
2. (7.3.0.9)
This weight map puts more weight on the region with high-amplitude waves.
In the experiment discussed in the following section, we optimized the weight parameters
of losses as λrecn = 100, λwarp = 100, λsmth = 1, λprcp = 0.005, λftx = 100, λftt = 0.1, λspx = 0.1,
λspt = 1.0, β = 2 × 10−4.
7.4 Experiment and results
7.4.1 Synthesis of wave video
We generated wave videos to compare our proposal with Super SloMo in terms of the error of
interpolated frames. A method based on linear response theory was used to generate the videos,
where wave patterns are generated assuming that the Fourier spectra of videos are constructed
using a product of the response function and excitation function. We applied a method that
adopts the Lorenz-type response function to simulate harmonic oscillation of a medium [?] and
generate a plane wave pattern. Examples of a time frame are shown in Fig. 7.2. The wave
video was synthesized using three parameters: frequency f , velocity v, and excitation time
duration ∆t. Each parameter was set as follows so that it reproduces the experimental quantum
wave: f = {0.3, 0.6, 1.2, 1.6} GHz, v = {2.64, 3.15, 4.38} km/s, ∆t = {3.2, 4.8, 6.4, 9.6, 16.0} ns.
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(a) (b) (c) (d)
Figure 7.3: Interpolation results of previous and proposed methods (a). Interpolated frame of the
wave video synthesized under the condition ∆t =3.2 ns, v =3.15 km/s, f =1.2 GHz(Baseline).
(b). Interpolated frame by Baseline+FT, (c). Interpolated frame by Baseline+FT+Sparse, (d).
Interpolated frame by Baseline+FT+Sparse+attn
We separated the dataset videos into learning (26,000 frames) and test sets (6400 frames).
The learning dataset was augmented by flipping and random cropping. In a single learning
procedure, we used two frames I0 and I1 to interpolate It, t ∈ (0, 1). In each learning, we
randomly took I0 and I1 from the learning dataset. The number of frames to use in temporal
Fourier transform N was set to N = 7.
7.4.2 Evaluation of the interpolation results
Table 7.1 lists the PSNR values of interpolated frames by using our proposal and Super SloMo
(Baseline). PSNR represents the extent to which interpolated and ground-truth frames are sim-
ilar, as it is calculated from the mean square losses taken at each pixel. The spectroscopic
method for quantum waves uses the Fourier spectra of experimentally obtained wave videos.
Since the Fourier transform is a linear transformation, the PSNR calculated from real-space im-
ages is expected to reflect the PSNR of the Fourier spectrum [27, 29]. Therefore, in this study,
we evaluate the quality of interpolation by calculating the average PSNR for every frame of
a video. We also evaluated SSIM, which represents the extent to which the structures on the
images are similar between the ground truth and interpolated frames. Frame interpolation for
the evaluation was performed by interpolating one out of every two frames of video with a half
sampling rate.
For qualitative analysis, Fig. 7.4.1 shows the interpolated frames by the previous and pro-
posed methods. Compared with the previous method as shown in Fig. 7.4.1(a), the introduction
of spatial Fourier lossLftx reduced the noise on the wavefront dramatically. This clearly demon-




A comparison of the previous and proposed methods shows that the standard deviation of the
proposed method is the smaller of the two, which indicates that it has small deviation of inter-
polation quality for different videos. The proposed method is thus more versatile for different
types of wave videos.
On the other hand, we found that the effect of the weight map had little significance. There
are two possible reasons for this. First, the effect of the weight map may become weak when the
contribution of temporal Fourier spectrum loss Lftt is small. Under the experimental conditions
of this study, the magnitude of Lftt is on the order of 10−2, though Lftx is on the order of
10−1. In addition, the weight for the loss λftt is 1000 times smaller than that of λftx, which
may explain why the weight map contributed so little. Second, the frequency resolution of the
temporal Fourier spectrum may not be enough. Since the frequency resolution of the Fourier
spectrum becomes fine when the number of frames is high, Fourier transform of many frames
provides rich information in the spectrum space. We used seven frames in this experiment,
which provides the frequency resolution of 1.6 GHz. This may not be enough for precise
analysis of the frequency spectrum of the waves in the video. Note that increasing the frame
number requires a larger calculation capacity, so we should consider using an average weight
map for several frames to avoid too many calculations for the interpolation.
7.6 Conclusion
We proposed deep frame interpolation method which introduces loss in Fourier space. This
method is found to interpolate frames with higher accuracy than previous deep frame interpo-
lation method. This work would extend to learning by real experimental data and evaluation of
interpolation is expected. This work was performed in the internship at IBM Research Tokyo
with the support by Dr. Daiki Kimura, Dr. Jayakorn Vongkulbhisal, Mr. Subhajit Chaudhury,




We investigated the dynamics of magnon-phonon hybridized systems by time-resolved magneto-
optical microscopy and Fourier-based spin-wave spectroscopy. We analyzed (i) reflection and
refraction laws of magnon-phonon hybridized waves at a magnetic domain wall and sample
edge and (ii) coherent energy transfer between magnons and phonons, which manifests itself
as a periodic Rabi-like beating. We also developed (i) a new imaging technique to observe
magnon-phonon hybridized waves in out-of-plane magnetized film, and (ii) a machine-learning
technique for efficient video interpolation to accelerate the experiment. Here, we summarize
the major results and comment on their importance.
Chapter 3: TRMO imaging of magnetoelastic waves by the Cotton-Mouton Effect
In this Chapter, we introduced a novel imaging technique that enables imaging of spin dynam-
ics in an out-of-plane magnetized film, filling the missing piece for the time-resolved magneto-
optical imaging technique. The previous imaging technique uses the Faraday effect, which is
sensitive to the out-of-plane component of the magnetization. Therefore the magnetization dy-
namics in an out-of-plane magnetized film were not accessible. Our proposed method uses the
Cotton-Mouton effect, a magneto-optical effect sensitive to the in-plane component of the mag-
netization. The result clearly showed that the technique could detect the propagation dynamics
of magneto-elastic waves in a magnetic garnet film. Due to the symmetry of the laser-induced
torque, we could successfully separate the contribution of elastic waves to the magnetization
dynamics.
Chapter 4: Snell’ law for spin waves at a 90◦ magnetic domain wall
In this Chapter, a refraction law of spin waves at a magnetic domain wall is investigated exper-
imentally. The reflection/refraction law is essentially the continuity of phase at the boundary of
different media. This principle leads to abnormal reflection/refraction law for spin waves, which
have a highly anisotropic dispersion relation. Although numerical simulations suggest uncon-
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ventional reflection/refraction, the experimental research was not performed mainly because of
the technical difficulty in observing the reflection dynamics of spin waves. We measured the
reflection/refraction dynamics of spin waves at a 90-degree magnetic domain wall by using our
time-resolved magneto-optical imaging technique. A new result demonstrated spin-wave re-
fraction in a direction opposite to that of light, i. e. negative refraction. The refraction law was
formulated which reproduced the experiment well.
Chapter 5: Bi-reflection of spin waves due to magneto-elastic mode conversion
In this Chapter, a new concept of reflection is demonstrated: bi-reflection of spin waves. Magneto-
elastic hybridization creates a new normal state which inherits the characteristics of both phonon
and magnon. Due to the mode degree of freedom of phonons, hybridized waves should have
mode freedom, which enables a split of reflected waves. We experimentally demonstrated that
the bi-reflection, a reflection counterpart of the birefringence, of spin waves owing to magneto-
elastic hybridization. The reflection coefficient was modeled by a phenomenological model that
takes into account elastic mode conversion, which reproduced the experimental result. This ob-
servation is the first step in utilizing hybridization as a tool to control spin waves, which may
lead to the application to the different physical fields such as photonics or phononics in which
the control of wave propagation is one of the most important research interest.
Chapter 6: Coherent oscillation of magnon and phonon
In this Chapter, we demonstrated the coherent oscillation between magnons and phonons, dur-
ing which the energy of a magnon is coherently transferred to a phonon and vice versa in time.
When a hybridized state is observed on the basis of the eigenstate without the hybridization,
the observed amplitude oscillates because the observation basis is no longer eigenstate with hy-
bridization. The same law holds for magnons and phonons in the presence of magneto-elastic
coupling. Since the time-resolved magneto-optical microscopy is sensitive only to the magnetic
part of the magneto-elastic waves, the observed signal is a projected signal from the hybridized
eigenstate to the magnon component, and thus the amplitude of the signal should oscillate with
the gap frequency at an avoided crossing. We performed long-time duration measurements of
the dynamics of magneto-elastic waves in a magnetic garnet film, and demonstrated that the
magnon signal owing to the coupling with longitudinal elastic waves keeps the amplitude con-
stant due to the negligibly small interaction coefficient, on the other hand, the magnon signal
owing to the coupling with transverse elastic waves oscillates with the gap frequency. It reveals
that the magnon and phonon can coherently convert to each other, which opens the possibility
for coherent control of magnon or phonon by using the magneto-elastic coupling.
Chapter 7: Video frame interpolation for spin-wave videos by means of machine learning
In this Chapter, we proposed a machine learning technique to accelerate the time-resolved
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magneto-optical imaging measurement by interpolating missing frames with a deep neural net-
work. The disadvantage of the time-resolved magneto-optical microscopy is the long mea-
surement time owing to the low S/N ratio of the signal. Especially when a high-frequency
resolution is needed, it can take weeks or a month. Recent development of deep learning by
using the neural network provides an interpolation method with better quality than previously
known linear or spline interpolation method. We constructed the neural network which is capa-
ble of interpolating videos of propagation waves with better quality compared with the previous
deep learning method, by introducing novel regularization terms inspired by Fourier analysis,
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Appendix A
Appendix.1: Calculation on the
response of magnetic part of
magneto-elastic waves
A.1 Derivation of equation of motion for magnetization in a per-
pendicularly magnetized film.
In this section, we explain the calculation procedure to obtain Eq. 4, which corresponds to the
magnetization change due to the elastic stress within an infinitesimal time ∆t in the presence of












where, uk,l = ∂uk/∂xl, Mm, σklmn, χMkl are kl-th component of elastic stress, m-th component
of magnetization, klmn-th component of elastic moduli tensor, and kl-th component of crystal
anisotropy tensor. λklmn, is klmn-th component of magneto-elastic coupling tensor which can
be written as λklmn = λδklmn + λ44δklδmn by using magneto-elastic constants λ and λ44. Thus the
first, second, third, and forth term of the free energy represent elastic energy, magneto-elastic
energy and crystallographic anisotropy energy, respectively. Adopting continuum model of
magneto-elastic coupling in Ref. [45], the equation of motion of magnetization is obtained from
continuous equation of spin angular momentum. The equation of motion with the assumption
of this free energy is described by the following formula.
Ṁ = γM j × Beff , (A.1.0.2)
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where, γ is a gyromagnetic ratio, and Beff is the effective magnetic field. The effective field
is defined as the derivative of the free energy density with respect to magnetization. After the















where, M0, m̄, B0i are static component of magnetization and linear change of the magnetization
from M0 and k-th component of external magnetic field. Magnetization M is defined as the
sum of M0 and m̄. For simplicity, we ignore the magnetic anisotropy. Assuming that the static
magnetization is tilted toward x-axis by δθ due to the experimental configuration, the linearlized















Since longitudinal elastic wave accompanies displacement parallel to wavevector, uz ≃ 0. Con-
sidering δθ ≪ 1, the anisotropic behavior of the effective field is negligibly small. Therefore,











which gives the Eq. 3 and 4.
A.2 Derivation of spin precession amplitude due to magneto-elastic
coupling
In this section, we explain the calculation procedure to obtain Eq. 6, which corresponds to the
spin precession amplitude as a function of elastic displacement in the presence of magneto-
elastic coupling. We assume that the free energy density of the system Ψ is written the same
as we shown in Supplemental Note 1. Equation 6 is obtained by deriving amplitude of linear
change in the magnetization from the set of equation of motion for lattice-spin coupled system.
According to the continuum theory of magneto-elastic coupling in Ref. [45], equation of motion




− t ji, j = 0 (A.2.0.1)
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where, t ji, j is the ji-th component of the stress tensor differentiated with respect to j-th compo-
nent of real space axis. The stress tensor component is defined as follows.
t ji = ρ
∂Ψ
∂uk,l
ui,ku j,l − ρ0Beffj mi (A.2.0.2)
The fourier transformed equation of motion derived from the equation of continuity of lattice
momentum is written as follows.




ρ0(ω2 − v2Lk2x) 0 (λ + λ44)M20sinδθcosδθk2x










(λ44 − ρ20cosδθ)sinδθm̄z + λ44cosδθm̄x
 M0kx (A.2.0.5)
Here, ρ0, vL, vT, ω are the density of the material, the velocity of longitudinal and transverse
mode of elastic waves, the frequency of the waves, respectively. The frequency along the linear
dispersion relation of elastic waves meets ω = vLkx. Therefore, substitute the expression of uz









Considering δθ ≪ 1, the anisotropic behavior of the effective field is negligibly small. There-
fore, the spin amplitude is approximated to the Eq. 6.
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Appendix.2: Calculation of the
dispersion relation of magneto-static
waves in a magnetic film with
arbitrary magnetization orientation
and magnetocrystalline anisotropy
B.1 Calculation of the dispersion relation of spin waves in a mag-
netic film with arbitrary magnetization orientation
In order to calculate dispersion relations of spin waves in a magnetic film with arbitrary magne-
tization orientations, we extend the conventional calculation method developed by C. E. Patton.
Dispersion calculation by C. E. Patton begins with the derivation of free energy of Zeeman en-
ergy, magnetocrystalline anisotropy, and demagnetization energy, followed by the derivation of
effective magnetic fields owing to these free energies. After obtaining effective field, the lin-
earized LL equation is derived to obtain Walker’s equation, followed by derivation of dispersion
relation by supposing magneto-static potential in a thin film.
As the begining, we define the two coordinates. The first coordinate is fixed to the sample
dimension (X,Y,Z)-coordinate, and the second one is fixed to the magnetization orientation.
Since the magnetization forms an angle against the sample surface normal, the magnetization
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component on the sample coordinate is written as follows.
M =

MX = Mxsinθcosϕ − Mysinϕ − Mzcosθcosϕ
MY = Mxsinθsinϕ + Mycosϕ − Mzcosθsinϕ
MZ = Mxcosθ + Mzsinθ
(B.1.0.1)








By using these expressions, the free energy for the Zeeman energy is written as follows.
FH = −M ·H (B.1.0.3)
= −Mx{H0
[
sinθsinθHcos(ϕH − ϕ) + cosθcosθH
]
+ hx} (B.1.0.4)
−My{H0sinθHsin(ϕH − ϕ) + hy}
−Mz{−H0
[
cosθsinθHcos(ϕH − ϕ) − sinθcosθH
]
+ hz}
In the same manner, the free energy for the demagnetization, uniaxial anisotropy and crys-
talline anisotropy are written as follows.
FD = 2π(MX)2 (B.1.0.5)
= 2π
(











Mx2sin2θcos2ϕ + M2y sin
2ϕ + M2z cos
2θcos2ϕ (B.1.0.8)
−MxMysinθ2ϕ + MyMzcosθsin2ϕ − MzMxcos2sin2θ
]
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As a result, the effective fields from each free energies are written as follows. For the
demagnetization energy FD, Zeeman energy FH , uniaxial anisotropy energy Fu, and magne-
tocrystalline cubic anisotropy energy Fc, the following holds.
HD =

−4π(Mxsinθcosϕ − Mysinϕ − Mzcosθcosϕ)sinθcosϕ
4π(Mxsinθcosϕ − Mysinϕ − Mzcosθcosϕ)sinϕ
4π(Mxsinθcosϕ − Mysinϕ − Mzcosθcosϕ)cosθcosϕ
 (B.1.0.11)























2Mxsin2]thetacos2ϕ − Mysinθsin2ϕ − Mzcos2ϕsin2θ
2Mysin2ϕ − Mxsinθsin2ϕ + Mzcosθsin2ϕ
2Mzcos2θcos2ϕ + Mycosθsin2ϕ − Mxcos2ϕsin2θ
 (B.1.0.15)
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Therefore, the total effective field can be expressed as follows by using static magnetic field
along x axis and alternative magnetic field h, and deviation of magnetization from the x axis m.
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3sin22θsin22ϕ + 4(cos4θ + cos22θ)
]
− 4πcos2θcos2ϕ
By using the effective magnetic field, linearized LL equation is written as follows.
dM
dt
= γ(M ×H) (B.1.0.24)
↔ iω(Msex + myey + mzez) = −γ(Msex + myey + mzez) × (Hsex + h + Â ·m)
Since the Ms component does not depend on time, we can extract the my and mz component
as follows.  4πmy4πmz
















































The Walker’s equation can be derived from the above expression of linearized LL equation
by defining magneto-static potential Ψ so that it satisfies H = R̂∇XYZΨ.





∇XYZΨ = 0 (B.1.0.35)
↔ ∇XYZ ζ̂∇XYZΨ = 0 (B.1.0.36)
where, R̂ is a rotation matrix to transform the basis from (XYZ)-coordinate to (xyz)-coordinate,




0 1 + κα −iν1
0 iν2 1 + κβ
 (B.1.0.37)
The dispersion relation of spin waves are obtained by setting ansatz of Walker’s equation, which
satisfies the following boundary conditions.




: continuous for X (B.1.0.39)
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Here we set the ansatz as follows
Ψ = ΨX(X)ΨY (Y)ΨZ(Z) (B.1.0.40)
ΨX(X) =






X X (X > S/2)
dek
e
X X (X < S/2)
(B.1.0.41)
ΨY (Y) = eikY Y (B.1.0.42)
ΨZ(Z) = eikZZ (B.1.0.43)
where kiX,Y,Z represents the wavenumber component along in-plane orientation, and k
e
X repre-
sents the wavenumber component along out-of-plane orientation. By using the Walker’s equa-










β = (ζ12 + ζ21)cosα + (ζ13 + ζ31)sinα (B.1.0.45)
γα = ζ22cos2α + ζ33sin2α + (ζ23 + ζ32)sinαcosα (B.1.0.46)
where,
ζ11 = 1 + καsinϕ + κβcos2θcos2ϕ +
i
2












κβcos2θ − κα)sin2ϕ + i(ν1cos2ϕ + ν2sin2ϕ)cosθ (B.1.0.50)
ζ22 = 1 + καcos2ϕ + κβcos2θsin2ϕ +
i
2
(ν1 − ν2)cosθsin2ϕ (B.1.0.51)




sin2θcosϕ − iν1sinϕsinθ (B.1.0.53)
ζ32 = iν1sinθcosϕ − κβcosθsinθsinϕ (B.1.0.54)
ζ33 = 1 + κβsin2θ (B.1.0.55)
By using boundary condition and the result of Walker’s equation, we can obtain k as a















β2 − 4γαζ11 (B.1.0.57)
Λ = β (ζ12cosα + ζ13sinα) − (ζ12cosα + ζ13sinα)2 − γαζ11 − 1; (B.1.0.58)
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